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Avant-propos  
La thèse que je présente est une thèse sur articles, la majeure partie des résultats est 
présentée sous forme d’articles rédigés en anglais et présentant une logique individuelle.  
Les annexes des articles sont présentés à la suite du texte dans des sections « Supplementary 
material » pour simplifier la lecture.  
Le chapitre d’introduction générale donne la logique d’enchainement des articles et leur 
contribution à la formulation de la thèse. La discussion reprend les éléments de l’ensemble du 
travail et en propose une lecture transversale.  
Ce format favorise la valorisation scientifique du travail mais entraine des redondances 
d’information dans la problématisation, l’état de l’art et le matériel et méthode des articles.  
Cette thèse a été possible grâce à la participation administrative des organismes suivants : 
INRA, UMR AGIR, INT Toulouse. Cette thèse présente les résultats de travaux financés dans 
le cadre du projet FP7 CANTOGETHER (Grant agreement N° 289328). 
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Chapitre 1 : Contexte et problématique de la thèse 
 
1. Innover pour la transition agroécologique de l’agriculture 
 
L’agriculture fait face à des enjeux de durabilité majeurs. L’amplification des échanges sur les 
marchés mondialisés, l’explosion démographique et la progression des technologies après la 
Seconde Guerre Mondiale ont été les moteurs du développement d’une agriculture présentant 
une forte productivité par unité de surface et de travail acquise grâce à une forte utilisation des 
intrants et de la mécanisation. Le tournant du développement durable dans les années 1990 a 
inscrit les problématiques environnementales, déjà identifiées à partir des années 1960, dans 
les défis de l’agriculture : économiser les ressources naturelles, limiter les pollutions par les 
nitrates et les pesticides, préserver la biodiversité. Les tendances d’intensification des 
systèmes de production se sont pourtant maintenues et l’état de l’environnement global 
continue de se dégrader, dépassant pour plusieurs compartiments, les « limites de la planète » 
(Figure 1 adaptée de Steffen et al. 2015). Des chercheurs de différentes disciplines 
scientifiques et institutions alertent sur les risques liés à l’irréversibilité des dégradations des 
systèmes naturels en identifiant les seuils au-delà desquels ils perdent leur capacité 
d’autorégulation, identifiés par Biggs et al. (2009) comme le moment de « tourner le dos au 
bord du gouffre ». Les enjeux sociaux sont également nombreux : préserver les connaissances 
et savoir-faire agricoles tout en faisant bénéficier l’agriculture des avancées scientifiques et 
techniques, repenser les relations ville-campagne dans des sociétés à dominante urbaine, 
préserver le tissu social rural, contribuer à l’activité économique et à l’emploi, etc.  
Pour faire face à la complexité de ces enjeux, plusieurs auteurs ont proposé un changement 
des paradigmes scientifiques et techniques pour repenser l’agriculture. Dès 1995, Hill et 
MacRae proposent le cadre d’analyse Efficience / Substitution / Reconception (ESR) pour 
catégoriser les voies de modernisation des systèmes agricoles vers une agriculture plus 
durable. Ils distinguent alors durabilité « superficielle » (shallow sustainability) basée sur des 
processus d’efficience et substitution de la durabilité « profonde » (deep sustainability) basée 
sur un processus de reconception. Ils mettent ainsi en lumière la différence entre les modèles, 
et donc le pas à franchir dans la manière de définir les objectifs et conduire les systèmes de 
production. Hill (1998) invite à s’intéresser aux valeurs-repères et aux processus psycho-
sociaux à infléchir pour reconcevoir les systèmes agricoles et alimentaires dans une approche 
holistique. Plusieurs autres approches d’une agriculture « intensive en connaissance », 
« écologiquement intensive » (Griffon, 2013), plaidant pour une « révolution doublement 
verte », se développent entre 1990 et 2000 et revendiquent progressivement la nécessité 
d’intégrer les connaissances scientifiques et locales sur les interactions entre processus 
écologiques et pratiques agricoles. Ces approches questionnent la notion d’innovation en 
proposant des innovations plus « bottom-up » que « top-down »,  basées sur les connaissances 
locales, la remise en question et la réinvention des pratiques par les praticiens (Alter, 2000 ; 
Goulet et al., 2008).  
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L’agroécologie, décrite notamment par Gliessman (1984), devient la synthèse fédératrice, 
bien qu’ambiguë, d’une nouvelle manière de pratiquer l’agriculture, produire des 
connaissances sur les agroécosystèmes, et d’affirmer une identité de paysan ou de 
consommateur alternative au modèle agro-industriel : c’est à la fois une pratique, une science 
et un mouvement social (Wezel et al. 2009). Les travaux qui se développent autour  du 
concept de services écosystémiques (MEA, 2005) viennent renforcer cette approche en 
caractérisant les services rendus par  l’agriculture à la société et par les écosystèmes à 
l’agriculture (Zhang et al. 2007 ; Leroux et al. 2008 ; De Groot et al. 2010), et en connectant 
explicitement l’agriculture à l’écologie du paysage (régulation biologique) et aux 
problématiques environnementales à des échelles plus larges que l’exploitation agricole 
(régulation des cycles biogéochimiques, des cycles de l’eau sur un bassin versant). Les 
principes de l’agroécologie sont énoncés et illustrés par des études empiriques (Altieri, 2002 ; 
Jackson et al., 2012 ; Koohafkan et al. 2011) : diversité des usages du sol, des cultures au sein 
des parcelles et dans les rotations, diversité génétique et adaptation des variétés aux 
conditions locales, couverture maximale, faible perturbation et fertilisation organique du sol. 
Une conception de l’agriculture durable est donc bien apparue. Elle mobilise des processus 
écologiques en imitant les écosystèmes naturels. Elle est intégrée et cherche à s’inscrire dans 
le développement de nouvelles formes de systèmes agri-alimentaires locaux (Hill, 1998 ; 
Gliessman, 2007 ; Duru et al., 2012). La transition agroécologique, ou modernisation 
écologique de l’agriculture, reste cependant une construction théorique dont il importe de 
définir les conditions de développement à grande échelle et d’interroger la capacité à nourrir 
la planète (Horlings et Marsden, 2011). L’écologisation forte de l’agriculture (« strong 
ecological modernization », en opposition à la « weak ecological modernization ») passe par 
la reconception des systèmes agricoles mais aussi par le déverrouillage du système socio-
technique (Geels, 2004 ; Lamine, 2011 ; Baret et al. 2013) dominé par le régime de 
l’agriculture hyperspécialisée (voir section 2). Cette transition agroécologique est aujourd’hui 
portée par des acteurs politiques dans le « projet agroécologique pour la France » (MAAF, 
2012).  
Déverrouiller le système sociotechnique implique pour les agriculteurs, à l’échelle 
individuelle et collective, de suivre des trajectoires d’apprentissage marquées par des remises 
en question successives du système de production et de ses objectifs (Meynard, 2012a). Cette 
transition est fortement déterminée par les réseaux sociaux dans lesquels l’agriculteur 
s’insère, le regard et les connaissances de sa communauté professionnelle 
(Compagnone, 2012 ; Darré et al. 1989) qui composent son monde de normes et de critères de 
performances (Coquil, 2014). Autour des agriculteurs, d’autres acteurs peuvent et doivent 
s’impliquer dans ce changement, pour l’accompagner ou le stimuler : les acteurs du conseil 
(Cerf et Maxime, 2006 ; Cerf et Thiery, 2009 ; Labarthe, 2010), la société civile (Cardona, 
2012), les acteurs des filières (Le Bail et Le Gal, 2011 ; Duru et al. 2012). La « reconception 
en marche » (Meynard, 2012b) doit être appuyée par une science plus impliquée, basée sur 
des méthodes d’articulation de savoirs produits en situation (Caron et al., 2014) et des 
dynamiques collectives d’apprentissage (Pahl-Wostl et Hare, 2004). 
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Dans les pays industrialisés, la plupart des études de cas d’écologisation des pratiques 
concernent des systèmes de grande culture évoluant vers la réduction d’intrants ou des 
systèmes d’élevage évoluant vers l’autonomie en aliments. Dans les pays du Sud, l’agriculture 
familiale, intensive en travail, cherche à valoriser les ressources disponibles en maximisant les 
processus écologiques par une gestion diversifiée, dynamique et adaptative (Altieri, 2002 ; 
Tittonell, 2013). Les complémentarités entre culture et élevage en sont souvent un pilier 
central (Herrero et al. 2010).  
En Europe, la complémentarité entre culture et élevage a permis de soutenir la production 
agricole pendant plusieurs siècles sans intrants de synthèse (Mazoyer et Roudart, 1997). 
Aujourd’hui, remobiliser ces complémentarités pourrait favoriser le développement de 
systèmes de production agroécologique, selon des modalités et suivant des méthodes que je 
propose d’explorer dans cette thèse. Elle s’inscrit dans le projet CANTOGETHER (Crops and 
Animals Together), qui propose d’aborder la reconception des systèmes de production par le 
développement d’interactions entre productions animales et végétales. 
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Figure 1 : Les limites planétaires aux activités humaines. Cette figure, adaptée de Steffen et al. (2015), 
présente les estimations des impacts des activités humaines dans les différents compartiments de 
l’environnement global. Les secteurs représentent les niveaux d’impacts estimés au moment de l’étude. Le 
cercle bleu central figure les « limites planétaires » proposées par les auteurs (c’est-à-dire sans perturbation 
irréversible des systèmes naturels), le rouge les seuils de risques et d’irréversibilité élevés, la zone jaune 
intermédiaire correspond à une zone d’incertitude sur les risques. Les secteurs gris correspondent aux 
processus non quantifiés à l’échelle globale. Par rapport à la version antérieure de cette étude, publiée par 
Rockström et al. en 2009, les seuils de risques ont été dépassés pour les compartiments occupation des sols et 
cycle du phosphore. 
 
2. Repenser l’intégration culture-élevage dans les territoires 
L’intégration culture – élevage semble un levier prometteur pour la durabilité des systèmes de 
production. Elle permet une gestion optimisée des flux de nutriments et d’énergie, donc une 
meilleure e fficience de s s ystèmes (Aubry e t al. 2006  ; Wilkins, 2008), la mise e n va leur 
d’espaces présentant des potentiels agronomiques variés (Coquil et al. 2010) et les bénéfices 
d’une économie de gamme par la complémentarité entre ateliers (Vermersch, 2007). Les 
travaux de caractérisation et évaluation de ces systèmes à l’échelle exploitation (ex. 
Ryschawy, 2012)  ont montré leur s performances économiques et environnementales. Ils 
amènent cependant à s’interroger sur les conditions de leur maintien dans les territoires où 
grande culture et élevage sont  possi bles et où la dynamique d e spé cialisation ve rs des 
systèmes d e grande culture est toujours très pr ésente. Dans s es tra vaux, Ryschawy (ibid) 
définit des innovations techniques et organisationnelles pour leur maintien : optimiser l’usage 
des re ssources e n intégrant des int ercultures four ragères da ns les rotations, diver sifier les 
ateliers en engraissant les génisses à destination de circuits courts de commercialisation. Si de 
telles innovations peuvent être pe rtinentes dans un c ontexte précis, elles semblent 
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difficilement généralisables et ne suggèrent pas de réponse pour les systèmes déjà spécialisés, 
les moteurs de la spécialisation restent en place.  
La spécialisation massive des territoires et des systèmes de production répond à des logiques 
agronomiques, économiques et sociales décrites par Meynard (2012a). Par exemple, dans le 
bassin de la Seine, les systèmes de polyculture-élevage ont diminué depuis les années 1960 au 
profit de systèmes de grande culture et d’élevage spécialisés et intensifs. Le blé se développe 
où les animaux disparaissent et le maïs se développe où ils se concentrent (Schott et al. 2010), 
chaque système étant basé sur les intrants chimiques pour la fertilisation, le désherbage et la 
protection phytosanitaire incontournables dans des rotations et des paysages très simplifiés 
présentant des variétés homogènes, hautement productives souvent sensibles aux 
bioaggresseurs. La mécanisation des pratiques augmente la productivité du travail et entraine 
des investissements lourds rentabilisés par les volumes de production élevés. Elle permet 
d’augmenter les surfaces des exploitations et les tailles des parcelles tout en dégageant du 
temps à l’agriculteur et en développant une image moderne du métier. Les filières agro-
industrielles du lait et des céréales structurent cette spécialisation par un accompagnement 
technique toujours plus pointu et majoritairement prescriptif. « Se re-diversifier devient alors 
d’autant plus difficile pour un agriculteur qu’il lui faut trouver non seulement des débouchés 
qui n’existent plus localement, mais aussi acquérir sans appui local les savoirs et références 
techniques sur les nouvelles productions » (Meynard, 2012a). Les politiques publiques ont 
également joué un rôle fort dans cette spécialisation en coupant les soutiens à certaines 
cultures de diversification comme le pois protéagineux, déjà affaibli par le développement du 
champignon Aphanomyces euteiches, entrainant une baisse des surfaces cultivées, un abandon 
de l’effort de recherche variétale et un démantèlement des filières. Les systèmes spécialisés 
sont donc totalement cohérents avec leur environnement sociotechnique et fortement 
verrouillés puisque la stratégie de chaque acteur renforce la stratégie des autres (Figure 2).  
La connexion des filières animales et végétales via les marchés est pilotée par les acteurs 
économiques et adaptée selon les évolutions des contextes de marchés. Par exemple, lorsque 
les écarts de revenu entre céréaliers et éleveurs deviennent trop importants1 du fait de 
l’augmentation du prix des céréales, très rentables pour les premiers et très onéreuses pour les 
seconds. Une réponse politique a été mise en place pour rééquilibrer les aides PAC2 au profit 
des éleveurs. En parallèle, les grands acteurs économiques de l’agriculture (groupes 
coopératifs, interprofessions, think-tanks des filières et syndicats majoritaires) ont mis en 
place en 2012 le Fonds de modernisation Céréaliers-Eleveurs3 pour financer des actions 
structurantes pour la compétitivité de l’élevage (génétique, équipement) en améliorant 
notamment la stabilité des filières d’approvisionnement en aliments. Financé par une taxe de 
2 euros par tonne sur les livraisons de céréales, ce fonds est dénoncé par les tenants d’une 
                                                          
1
 Revenu des céréaliers jusqu’à 5 fois supérieur à celui des éleveurs à la fin des années 2000. 
http://www.terrenet.fr/actualite-agricole/economie-social/article/des-ecarts-de-1-a-5-entre-cerealiers-et-
eleveurs-202-85434.html 
2
 « Des résultats qui justifient le rééquilibrage des aides PAC, selon le ministère de l’Agriculture ». Dépêche de 
l’AGPB du 12/12/2013, www.agpb.fr  
3
 « Fonds de modernisation Céréaliers-Eleveurs: qui, pour quoi, quand, comment ». Dépêche de l’AGPB du 
25/10/2012.  
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agriculture alternative4 comme une manière pour les filières céréales de pérenniser le marché 
de l’alimentation animale et d’accélérer la spécialisation  en développant les capacités 
productives, donc la dépendance au marché, dans les systèmes d’élevage. 
 
Figure 2 : Piliers du régime sociotechnique de spécialisation des systèmes de grande culture et d’élevage.  
Penser l’intégration culture – élevage à l’échelle du territoire pourrait permettre de maintenir 
ou ré introduire loca lement une dive rsité basée sur les complémentarités entre fe rmes 
spécialisées. De puis les années 2000, plusieurs a uteurs ont envisagé cette reconnexion des 
systèmes à l’échelle du territoire. Ainsi, Russelle et al. (2007), Lemaire (2007) et Wilkins 
(2008) invitent à  une  in tégration c ulture-élevage supra- exploitation (regional, among -farm, 
area-wide int egration). Ils identifient les conditions organisationnelles pour développer d es 
interactions locales favorisant la mise en œuvre de système de production diversifiés 
générateurs de services écosystémiques (par exemple l’introduction de prairies temporaires 
dans les exploitations de grande culture proposée par Lemaire, 2007). L’échelle du territoire 
est également celle de la gestion de ressources naturelles, par exemple la gestion de l’eau à 
l’échelle du bassin versant (Murgue et al., 2015) et la biodiversité abordée par l’écologie du 
paysage (Nassauer and Opdam, 2008). Les pr incipes agroécologiques mobilisables dans les 
systèmes intégrant culture et élevage à l’échelle du territoire sont la diversité des usages du 
sol dans le temps et l’espace, la couverture maximale des sols, la coexistence d’espaces 
cultivés et d’espaces semi-naturels (Tscharntke et a l. 2005 ; de Groot et al. 2010 ; Tit tonell, 
2013).  
Ces idées émanant de la  sphère sc ientifique font  écho à  d es préoccupations de te rrain. Des 
initiatives existantes ou en dé veloppement dans différents milieux pr ofessionnels montrent 
l’intérêt pour la thématique de l’intégration culture-élevage (ICE par la  suite) à l’échelle 
territoire, non sans tension sur la manière d’aborder la question et les projets politiques 
associés.  
                                                          
4 Tribune: Fonds de solidarité céréaliers –éleveurs : cultiver d'autres approches pour une agriculture durable.  
www.civam.org/images/actus/Tribune_solidarite_cerealiers-eleveurs.pdf 
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Des exemples d’échanges existent : paille contre fumier ou luzerne et pois cultivés par des 
céréaliers à destination d’éleveurs proches. Ces échanges se font selon des logiques plutôt 
marchandes5 ou revendiquant une logique de solidarité6. Certaines coopératives, mais aussi 
des groupes d’agriculteurs, se placent comme acteurs intermédiaires de ces échanges locaux7. 
De nouveaux collectifs et filières locales regroupant céréaliers et éleveurs s’organisent autour 
d’acteurs comme les CUMA (CUMA, 2014) qui initient des changements dans les systèmes 
techniques et de nouvelles formes d’action collective (Lucas et al., 2014).  
L’intégration culture – élevage à l’échelle territoire (ICET) relève donc d’enjeux scientifiques 
et d’enjeux de terrain. Les initiatives des acteurs de terrain, bien que dispersées, témoignent 
d’un intérêt et donc d’un potentiel de développement. 
3. Problématique de la thèse, question et démarche de recherche 
Ma proposition dans cette thèse est d’instruire les conditions méthodologiques et pratiques du 
développement de systèmes intégrant culture et élevage non plus à l’échelle de l’exploitation 
agricole où les contraintes du système sociotechnique verrouillent l’évolution des pratiques, 
mais à l’échelle du territoire (Figure 3).  
La question générale de ma thèse est donc : Comment intégrer durablement culture et élevage 
à l’échelle du territoire ? Cette question implique des choix méthodologiques sur la manière 
de produire des connaissances et la nature de ces connaissances.  
1 – Si le potentiel de l’ICET est identifié, la nature des systèmes à développer et les 
conditions de leur développement sont très peu traitées dans la littérature scientifique. L’enjeu 
méthodologique est celui de la conception innovante (Meynard, 2012a). La contribution de 
l’ergonomie éclaire ce choix : d’après Falzon (2005), les problèmes de conception relèvent 
des caractéristiques suivantes : un état initial flou dans lequel le chemin vers une solution est à 
construire et soulève d’autres questions en cours de résolution, un problème 
multidimensionnel, un processus de résolution qui varie selon les concepteurs et qui aboutit 
généralement à la recherche d’un compromis. Dans ces situations de conception, « la 
définition du problème et la construction de la solution s’entremêlent dans un dialogue 
constant ».  Ma proposition est donc d’aborder l’ICET comme un objet de conception.  
2 – Les connaissances produites dans ma thèse portent donc autant sur les démarches de 
conception soutenant l’ICET que sur les solutions produites. Falzon (op. cit.) souligne 
l’alternance de phases d’élaboration et d’évaluation de solutions dans les démarches de 
conception. Ces itérations sont également au cœur des approches de modélisation 
d’accompagnement (Etienne, 2010) et plus généralement des pratiques de recherche 
participative (Cerf et Thiery, 2009). L’implication des acteurs dans une approche participative 
est constitutive du processus de conception « innovante » (Le Masson et al. 2008 ; Meynard et 
al. 2012). Leur mobilisation permet de « développer une meilleure compréhension de la façon 
                                                          
5
 http://www.pleinchamp.com/actualites-generales/actualites/le-cerealier-et-l-eleveur-un-couple-gagnant 
6
 http://www.agrobioperigord.fr/produire-bio/echanges-cerealiers-eleveurs 
7 
http://lait.reussir.fr/actualites/jouer-la-complementarite-entre-eleveurs-et-cerealiers:HKZ56TV7.html
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dont le futur système de production fonctionnera, et ainsi facilite les transitions entre les 
anciens et les nouveaux systèmes » (Darses et Reuzeau, 2004). L’objectif de ma thèse est 
donc la production de méthodes et outils pour appuyer la conception participative de 
systèmes culture – élevage à l’échelle du territoire (SCET).  
3 – Afin d’explorer des voies diverses de transformation des systèmes de production allant 
vers une plus forte intégration culture – élevage, je propose de mener ce travail de conception 
dans plusieurs collectifs présentant une gamme de situations en termes de systèmes en place, 
d’enjeux du changement et de ressources mobilisables. D’après Berthet (2012), la conception 
correspond à une situation nécessitant l’émergence d’une action collective, où le bien 
commun n’est pas identifié et où le collectif est à constituer. Compte tenu de ces 
particularités, chaque dispositif de conception sera mené selon des méthodes et avec des outils 
adaptés à chaque situation de conception. La diversité des dispositifs de conception que j’ai 
mis en œuvre vise à contribuer à une meilleure compréhension de l’ICET, et à renforcer 
les apports méthodologiques en dégageant la généricité des différents dispositifs. Ce choix 
procède également d’une visée transformative du dispositif de recherche, qui se veut 
opérationnel pour l’action donc apte à soutenir la conception de SCET dans une diversité de 
contextes (Stirling, 2011).  
Considérant ces choix méthodologiques, ma question de recherche centrale est donc : 
Comment outiller les acteurs pour appréhender, concevoir et évaluer des systèmes 
intégrant culture et élevage au niveau du territoire ? 
Ma démarche de recherche s’inscrit dans le courant scientifique des sciences de l’intégration 
et de l’implémentation (Integration and Implementation science, Bammer, 2005) car elle vise 
la construction de solutions inscrites dans des dynamiques sociales, prenant en compte la 
complexité des objets et les incertitudes liées aux processus en jeu. Les points de vue des 
acteurs et leurs représentations du monde doivent être explicitées et intégrées aux cadres 
d’analyse. Cela implique de procéder par itérations entre phases de co-construction avec les 
acteurs et phases de prise de recul et révision des cadres d’analyse et outils, processus de 
« développement systémique » (Bawden, 2005) qui amène à produire des savoirs « entre 
adhérence et désadhérence » (Schwartz, 2009).  
Mon cadre théorique général est celui des systèmes socio-écologiques (Ostrom, 2009), qui 
propose d’aborder les processus écologiques et socioéconomiques en interaction. Je mobilise 
des développements conceptuels plus spécifiques comme le cadre de la résilience des services 
écosystémiques (Biggs et al. 2012) pour identifier les processus clés et les voies 
d’écologisation forte systèmes de production. Enfin, le cadre des systèmes sociotechniques 
(Geels, 2004) me permet de resituer les résultats dans une analyse plus large des facteurs et 
dynamiques de changement. 
 
 
 
Figure 3 : Problématique de la thèse. Les cadres gris présentent les éléments de contexte général, les cadres bleus clairs présentent les éléments spécifiques déterminant la 
pertinence de la question de recherche, les cadres bleus foncés présentent les objectifs de la thèse et les cadres verts présentent les principaux cadres d’analyse et 
méthodologiques mobilisés.  
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En abordant l’intégration culture – élevage à l’échelle du territoire, mon travail de thèse 
propose d’instruire les relations entre systèmes techniques, utilisation de l’espace et gestion 
des services écosystémiques. Ma thèse s’inscrit donc en agronomie des territoires (Benoit et 
al. 2012 ; Lardon et al., 2012), avec un apport potentiel dans le champ « transition 
management » (Stirling, 2011), la méthodologie de conception participative contribuant 
également à produire des connaissances sur les formes et modalités de la transition 
agroécologique de l’agriculture.  
La notion de territoire, de même que la nature et le rôle des acteurs dans ma thèse, ne sont pas 
fixés a priori mais donnent lieu à une discussion basée sur l’analyse des dispositifs de terrain. 
Ainsi, le territoire est abordé comme un espace continu ou discontinu et correspond à un 
espace de gestion écologique (bassin versant) ou à un réseau d’acteurs. 
Les objectifs de ma thèse sont de deux natures : dans le champ thématique : contribuer à la 
définition des formes d’intégration culture-élevage à l’échelle territoire et de leurs 
performances de durabilité ; dans le champ méthodologique : construire une méthodologie de 
conception de SCET. Pour cela, je propose trois grandes étapes : problématiser, concevoir, 
évaluer, traitées et discutées à travers les trois parties de ma thèse (Figure 4)   
La première partie propose une revue des enjeux de l’ICET pour tracer les contours d’un outil 
d’accompagnement à la conception de SCET (chapitre 2), puis un cadre conceptuel de l’ICET 
développé pour outiller la conception dans les dispositifs de terrain (chapitre 3).  
La deuxième partie présente les études de cas de conception de SCET selon deux logiques.  
Dans le chapitre 4, je présente une exploration « horizontale » de la conception de SCET dans 
une diversité d’études de cas de conception menées au niveau européen selon un dispositif de 
« Light design » (nécessitant peu de temps, d’engagement et de compétences). Dans ce 
chapitre je compare des études de cas centrées sur l’exploitation dans ses relations avec le 
territoire et d’autres raisonnant directement à l’échelle territoire, afin d’étudier les interactions 
entre ces niveaux et les spécificités de l’approche territoire.  
Dans le chapitre 5, je présente une exploration « verticale » de la conception de SCET à 
travers deux dispositifs de conception « approfondie » situés dans le bassin versant de 
l’Aveyron (sud-ouest de la France). Ces deux dispositifs font suite à un diagnostic participatif 
visant à déterminer les enjeux de l’ICET sur ce terrain.  
La troisième partie présente la discussion des résultats des études de cas. Dans le chapitre 6, 
j’analyse la contribution des dispositifs de terrain à une méthodologie générique de 
conception de SCET, en proposant des améliorations et en ouvrant des perspectives de 
recherche. Dans le chapitre 7, je discute la contribution des dispositifs de conception au 
renforcement de l’ICET, et plus largement l’opérationnalité de l’ICET comme moteur de 
transition agroécologique de l’agriculture.   
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Figure 4 : Structure de la thèse
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Partie 1 : Enjeux et concepts de 
l’intégration culture – élevage au niveau 
du territoire 
 
 
 
 
« On ne peut pas vivre dans un monde où l'on croit que l'élégance  
exquise du plumage de la pintade est inutile.» Jean Giono 
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Chapitre 2 : Revue des enjeux liés à l’intégration culture 
élevage à l’échelle du territoire 
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Abstract  
Although crop–livestock farms seem theoretically ideal to improve the sustainability of agriculture, 
their number is declining across Europe. Several authors suggest that crop–livestock integration 
should be organized beyond the farm level through local groups of specialized farmers negotiating 
land-use allocation patterns and exchanging materials (manure, straw, etc.) This review aims to define 
potential benefits of crop–livestock integration beyond the farm level and to identify features of 
decision support systems (DSS) needed for the integration process. Three forms of crop–livestock 
integration beyond the farm level are identified: local coexistence, complementarity, and synergy, 
each with increasingly stronger temporal, spatial and social coordination among farms. While local 
coexistence focuses on improving metabolic properties of farms, complementarity and synergy focus 
on supplying input ecosystem services. The forms of integration implemented define the nature, area 
and spatial configuration of crops, grasslands and animals in farms and landscapes, which in turn 
influence the provision of ecosystem services. For instance, in the synergy form of integration, which 
requires social coordination among farmers, development of adequate spatiotemporal interactions 
between crops, grasslands and animals promotes soil fertility, erosion control and field-level biological 
regulation services. Expected economic benefits include increased adaptive capacity of individual 
farms and economies of scope through work organization. Collective organization also offers the 
opportunity to increase resource-use efficiency through spatial allocation of agricultural activities 
according to comparative advantages of activity-location combinations of farms. Social benefits 
include social learning and collective empowerment through sharing experiences. Limitations to crop–
livestock integration beyond the farm level include cognitive and social aspects such as farmers’ 
knowledge limits, risk aversion, and difficulties in finding long-term agreements between farmers. 
Economic limitations are linked to the cost of transporting products between farms. To support the 
design of crop–livestock integration options, we build on collective participatory workshops involving 
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farmers, agricultural consultants and researchers who collectively manipulate objects (e.g. cards and 
computer models). In these workshops, spatialized simulation modeling of crop–livestock integration 
among farms is the basis for achieving the upscaling process involved in integrating beyond the farm 
level, i.e. upscaling in space, time and from individual to collective decision-making and as a result 
upscaling in function. Future users of such a DSS might pay attention to the consequences on 
governance and equity issues within farmers groups.  
Keywords: mixed farm, agroecology, farming system design, farm model, decision support 
system, ecosystem services 
Highlights  
 Crop–livestock integration can be organized between specialized farmers. 
 Interacting specialized farms improve, complement or synergize their attributes. 
 Attributes are metabolic functions, ecosystem services and socio-economic benefits. 
 Participatory and spatialized modeling tools are needed for design and implementation. 
Plan 
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1. Introduction 
1.1. Integrated crop–livestock farms to improve the sustainability of agriculture 
Agriculture of the Northern hemisphere has long been driven by trends of specialization and 
intensification imposed by regulation, political and economic constraints (Lemaire et al., 
2014; Peyraud et al., 2014; Russelle et al., 2007; Sulc and Tracy, 2007; Wilkins; 2008). In 
specialized and intensive agricultural systems, management practices are simplified, 
standardized, and driven by technology such as synthetic inputs (e.g. pesticides and mineral 
fertilizers) and high-performance machinery. The available technology is mainly expected (i) 
to handle biophysical limits for agricultural production and (ii) to reduce the vulnerability of 
agricultural systems to external perturbations by artificializing agroecosystems, e.g. irrigation 
to supplement rainfall. Today, environmental and social impacts related to specialized and 
intensive agricultural systems (Horrigan et al., 2002) are no longer accepted by some 
members of society. As a response to these issues, several authors suggest developing more 
integrated forms of agriculture to restore the sustainability of agricultural systems (Bell and 
Moore, 2012; Hendrickson et al., 2008; Russelle et al., 2007).  
Integrated agricultural systems promote ecological interactions over space and time between 
system components (e.g. crops, grasslands and animals) and create opportunities for 
synergistic resource transfers between them (Hendrickson et al., 2008). They offer 
opportunities to substitute technologies and high-performance machinery used in specialized 
and intensive agricultural systems with ecosystem services, such as soil fertility or biological 
regulation of pests and diseases (Dumont et al., 2013; Horlings and Marsden, 2011; Power, 
2010). In an agricultural context, ecosystem services are the products of interactions between 
farmland biodiversity (i.e. planned biodiversity – crops, animals, hedgerows, etc. – and 
associated biodiversity – soil flora and fauna, herbivores, etc. colonizing the farm; Altieri, 
1999) and adapted management practices that are integrated over different temporal and 
spatial scales (Altieri, 1999; Kremen et al., 2012). While soil fertility can be managed at the 
field level through appropriate crop rotations and tillage practices, biological regulation of 
pests can be managed at the landscape level due to the key role of crop spatial distribution, 
field margins and hedges (Garbach et al., 2014; Landis et al., 2000; Power, 2010).  
 
1.2. The decline in crop–livestock integration at the farm level: a lock-in effect? 
Crop–livestock systems (Fig. 1) are suggested as a theoretical ideal for implementing the 
principles of integrated agriculture (Hendrickson et al., 2008; Herrero et al., 2010; Lemaire et 
al., 2014; Ryschawy et al., 2014). Yet they have already declined in number in Europe, and 
the trend towards specialization continues (Peyraud et al., 2014; Veysset et al., 2014). To 
analyze this decline, two dynamics of specialization must be assessed: specialization of crop 
production and of animal production (Billen et al., 2010). Specialization of crop production is 
increasing (Peyraud et al., 2014). Mixed crop–livestock farmers abandon animal production 
for several reasons: (i) costs of energy and mineral fertilizer for specialized cereal cropping 
increase more slowly than costs of labor required for animal production (Peyraud et al., 
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2014), (ii) workload simplification and control (especially by eliminating milking and 
calving) (Bell and Moore, 2012; Bell et al., 2014; Doole et al., 2009; Sulc and Tracy, 2007), 
(iii) changing regulations, such as norms on livestock buildings, make upgrading farms 
prohibitively expensive (Peyraud et al., 2014), and (iv) disappearance of supply chains that 
process and sell animal products (e.g. concentration of milk industries in specialized regions, 
disappearance of small slaughterhouses) (Moraine et al., 2014).  
 
 
 
Figure 1. Integrated crop–livestock systems in Gascony, southwestern France, that incorporate crop 
fields, grasslands, grazing animals, hedgerows and woodlots. The ecological and patrimonial value of 
such systems is threatened by agricultural specialization and intensification, resulting in abandonment 
of less productive areas and homogenization and simplification of land use in productive fields. 
(Credit: INRA, J.P. Sarthou, J. Ryschawy) 
 
Specialization of animal production occurs in areas where it was already the main agricultural 
activity (Peyraud et al., 2014) and is expected to expand in Europe with the abolition of milk 
quotas in 2015. The process of economic concentration favors livestock farms, industries and 
commodities within regions with high livestock density such as Brittany, France (Peyraud et 
al., 2014). Except for sheep and suckler cattle systems, this phenomenon builds on a trend of 
intensification of animal production based on highly productive breeds, confinement systems 
and off-farm feed purchase (often complete feed, guaranteeing high animal performance). 
Recent progress in communication technology strengthens this trend towards specialization, 
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since it addresses workload problems by enabling long-distance monitoring of livestock 
buildings and intervention: automatic feeding and control of individual animal performance. 
These changes simplify farmers’ work (De Koning and Rodenburg, 2004; Schewe and Stuart, 
2014).  
These drivers of specialization are highly consistent with the socio-economic context of 
production, and will be particularly difficult to unlock without a significant transition of the 
dominant socio-technical regime (Geels, 2004; Horlings and Marsden, 2011). Beyond the 
investments required to revert to integrated crop–livestock systems (purchasing specific 
machinery, fencing plots to hold animals, building or renovating animal buildings, etc.), 
which are often impossible for individual farmers, the skills and knowledge required to 
manage integrated crop–livestock systems have often been lost after specialization. Yet, 
expected environmental and economic benefits of integrated crop–livestock systems depend 
on the adaptability of management strategies to soil and climate conditions over time within 
and between years (Hendrickson et al., 2008).  
1.3. Aims and scope of this review 
While advantages of crop–livestock integration at the farm level have been widely studied, 
several authors (Lemaire et al., 2014; Moraine et al., 2014; Peyraud et al., 2014; Russelle et 
al., 2007; Wilkins, 2008) suggest that crop–livestock integration can be organized beyond the 
farm level through local groups of specialized farmers negotiating land-use allocation patterns 
and exchanging materials (manure, straw, etc.). For instance, in regions with high animal 
density, manure exchange among farms is a common example of crop–livestock integration 
avoiding or at least decreasing disservices, such as nutrient runoff, and promoting services 
such as maintenance of soil structure and fertility on crop farms (Asai et al., 2014b). 
However, crop–livestock integration beyond the farm level remains seldom studied (Asai et 
al., 2014a, 2014b; Russelle et al., 2007) and is a form of research speculation mainly dealing 
with environmental aspects but neglecting management aspects that might explain 
implementation problems. Development of such a collective agricultural system raises 
questions, rarely documented in the literature, about how to integrate crops and livestock 
beyond the farm level, and the consequences, impacts and conditions of integrating them. 
Given this lack of knowledge on crop–livestock integration beyond the farm level, formal 
decision support systems (DSS) are not available to enable intensification of crop–livestock 
integration beyond the farm level.  
In this context, the aims of this review are: 
(i) to clarify benefits and limits of crop–livestock integration beyond the farm level 
(ii) to identify the required features and related research issues of DSS for intensifying 
crop–livestock integration beyond the farm level 
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2. Benefits and limits to crop–livestock integration beyond the farm level 
2.1. Crop–livestock integration beyond the farm level: how? 
According to several authors (Bonaudo et al., 2014; Lemaire et al., 2014; Moraine et al., 
2014), crop–livestock integration pursues two aims: closing nutrient and energy cycles, 
following the rationale of industrial ecology, and organizing land use and farming practices to 
promote ecosystem services. To achieve these aims, two types of interactions between crops, 
grasslands and animals can be managed over space (co-location vs. segregation) and time 
(synchronization vs. rotation) (Bell and Moore, 2012). Following this categorization, Moraine 
et al. (2014a) classify crop–livestock systems according to temporal and/or spatial interactions 
between crops, grasslands and animals and their impacts on nutrient cycling and ecosystem 
services. We adapt the four types distinguished by these authors to characterize crop–
livestock integration beyond the farm level according to spatial, temporal and social 
coordination among farms (Table 1):  
- Type 1, “global coexistence”: exchange of materials (grain, forage, straw, etc.) among 
specialized farms through national or global markets. Exchanges are driven by global demand 
for these materials, which is determined by market size, nature of goods, prices, etc. 
Geographic dispersion of farms makes it difficult and costly to exchange products with low 
nutrient concentration, such as slurry. Type 1 is based on spatial and temporal segregation of 
two types of production and does not involve direct coordination among farmers. Most 
specialized farms in the Northern Hemisphere are currently organized according to this 
rationale (Horlings and Marsden, 2011). 
- Type 2, “local coexistence”: relocation of materials exchanged among specialized 
farms through a local economic organization such as an agricultural cooperative. Exchanges 
are driven by local demand for these materials. Hence, grain and forage can be collected and 
possibly stored, transported and sold to livestock farmers by the local organization. A similar 
form of transfer can be implemented to transfer manure from livestock farms to crop farms. 
The local market is coordinated by the local economic organization, which buffers variability 
(in quantity and quality) in exchangeable materials over time. Its development may promote 
introduction of forage and cover crops in crop rotations in specialized crop farms to respond 
to the demand for forage products (Sulc and Tracy, 2007). In this case, crops and grasslands 
can interact over time on specialized crop farms. Similarly, development of the local market 
may promote manure transfer from livestock to crop farms. However, because Type 2 does 
not involve direct coordination among farmers, the magnitude of exchanges will rely partly on 
intermediaries. 
- Type 3, “complementarity”: direct exchange of materials between farms. This form of 
integration involves strategic planning among crop and livestock farmers to match supply and 
demand for feedstuff through adapted crop rotations including grasslands, forage crops and 
cover crops that produce forage. It can also optimize manure allocation based on comparative 
advantages of field soils of participating farms (Asai et al., 2014b; Wagner et al., 2008). Type 
3 (one-way flow or exchanges of raw materials) involves temporal coordination between 
spatially segregated farms. Accordingly, it requires direct and frequent coordination between 
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farmers for strategic planning to respond to variability in quantity and quality of exchangeable 
materials. 
- Type 4, “synergy”: strong temporal and spatial coordination between crops, grasslands 
and animals among farms. It involves resource sharing, including land sharing, and is based 
on practices such as stubble grazing; sacrificial grazing of grain crops; introducing 
intercropped forage crops, temporary grasslands, and forage legumes in crop rotations; 
grazing animals from livestock farms on crop farms (Moraine et al., 2014); and arrangements 
such as potato–dairy systems (Russelle et al., 2007). Coordination between farmers must be 
strong and long-lasting to manage rotational manure application and occurrence of grasslands 
in crop rotations. 
 
 Table 1: Underlying spatial, temporal and social coordination among farms and the required technical and organizational options to achieve crop–livestock 
integration beyond the farm level depending on the form of integration considered.  
Form of 
integration 
Type 1: Global coexistence  Type 2: Local coexistence 
  
Type 3: Complementarity 
 
Type 4: Synergy 
 
Spatial 
coordination 
No No No  Yes  
Temporal 
coordination 
No Yes  Yes  Yes  
Social 
coordination  
No  No Yes Yes 
Technical  
options within 
farms 
On specialized crop and 
livestock farms:  
- no technical 
options for crop–livestock 
integration, the technical 
options implemented aim to 
match national and 
international market demand 
 
On crop farms:  
- diversifying crop 
rotations with forage crops, forage 
production with cover crops (for 
local livestock) 
- manure spreading on 
crop fields 
On livestock farms: 
- integrating local forage 
and grain into animal diets  
- systematically collecting 
and treating manure/slurry 
On crop farms:  
- diversifying crop rotations 
with grasslands, forage crops, forage 
production with cover crops (for 
local livestock) 
- manure spreading on crop 
fields 
On livestock farms:  
- integrating local forage and 
grain into animal diets 
- systematically collecting 
and treating manure/slurry 
 
On crop farms:  
- diversifying crop rotations with 
grasslands, forage crops, forage 
production with cover crops (for local 
livestock) 
- grazing of immature cereals 
- flexible crop use (grain vs. 
silage) 
- grazing of stubble  
On livestock farms: 
- integrating local forage and grain 
into animal diets 
- systematically collecting and 
treating manure/slurry 
Organizational  
options among 
farms 
- National and 
international supply chains 
organizing 
grain/straw/forage 
collection, storage and 
transport among national 
and world regions and farms 
- Local economic 
organization (e.g. feed suppliers, 
cooperatives) ensuring 
grain/straw/forage collection, 
storage and transport within 
regions and among farms 
- Strategic planning among 
crop and livestock farmers to match 
supply and demand through adapted 
crop rotations  
- Farmers organizing 
grain/straw/forage/manure 
collection, storage and transport  
- Sharing work and 
knowledge of grassland management 
on crop farms 
- Strategic planning among crop 
and livestock farmers to match supply and 
demand through adapted crop rotations  
- Sharing land and other resources 
- Organizing animals and their 
grazing on crop farms 
- Sharing work and knowledge of 
grassland management on crop farms 
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2.2. Crop–livestock integration beyond the farm level to promote ecosystem services 
2.2.1. Ecosystem services and agriculture 
Agricultural systems both provide and benefit from ecosystem services (Garbach et al., 
2014; Zhang et al., 2007). Focusing on the influence of agricultural systems on ecosystem 
services, Le Roux et al. (2008) distinguish three types of ecosystem services: (i) input 
services provided to agricultural systems, which support production and reduce use of 
synthetic inputs, (ii) production services, which provide raw agricultural materials (plant and 
animal products) to society, and (iii) non-market services, which are provided by agriculture 
to society and result from regulation of biogeochemical cycles via landscape heterogeneity 
(de Groot et al., 2010).  
Input services may be the key services expected by farmers implementing crop–livestock 
integration beyond the farm level since they are the ones that benefit their farms. They 
correspond mainly to maintenance of soil fertility (including soil structure and nutrient 
cycling), erosion control and biological regulation (including pollination) (Garbach et al., 
2014). They depend on management of agricultural areas but also other areas, such as (semi-
)natural habitats (Power 2010). It is well recognized that they are mainly determined by 
management of planned and associated biodiversity at different spatial and temporal scales, 
from field to landscape and from sub-annual period (e.g. intercrop) to the duration of a crop 
rotation, respectively (Garbach et al., 2014; Koohafkan et al., 2011; Power, 2010). Non-
market ecosystem services, mainly water purification and flow regulation, carbon (C) 
sequestration, climate regulation (reduction of greenhouse gas (GHG) emissions) and 
production of natural habitats and attractive recreational areas, are also strongly determined 
by farming practices (Garbach et al., 2014). 
Through land-use modification, agricultural systems influence ecological processes that in 
turn determine ecosystem services. Developing ecosystem services through agriculture 
involves working on the causal chain: management practices - property (state) - process 
(intensity) - service (level) (Carpenter et al., 2011). Several authors have identified that 
cooperation (like the complementarity and synergy forms of crop-livestock integration, 
Types 3 and 4) is often necessary to solve problems relating to public goods, since the 
geographic nature and scale of many environmental issues tend to require management 
across legal and administrative boundaries (Bergmann and Bliss, 2004; Bodin and Crona, 
2009; Cumming et al., 2010). The typical example is to achieve ecosystem services that 
require spatial consistency and for which farm-level management is inadequate, requiring 
cooperation of multiple landholders (Goldman et al., 2007; Emery and Franks, 2012). 
Currently, few agricultural systems manage ecosystem services at levels larger than fields 
due to lack of knowledge about monitoring of underlying ecological processes and to poor 
coordination between farmers.  
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2.2.2. Soil fertility services promoted by crop–livestock integration beyond the farm level 
Ecosystem services are strongly influenced by the nature, size and spatial configuration of 
the crop, grassland and animal components of the farms and landscapes in which they are 
located. In particular, spatial location, temporal duration and intensification level of cover 
crops (Lemaire et al., 2014), grasslands (Soussana and Lemaire, 2014) and legumes strongly 
influence soil fertility (Tilman et al., 2008). The longer their duration in a crop rotation, the 
greater their potential to increase soil fertility and decrease nitrogen (N) losses. Local 
coexistence (Type 2) already promotes diversification of crop rotations with cover crops, 
grasslands and forage crops that include legumes (Tables 1 and 2). With complementarity 
(Type 3) and synergy (Type 4), coordination between crop and livestock farmers to match 
supply and demand for animal feedstuff may promote an increase in cover crops, grasslands 
and legumes in crop rotations (Tables 1 and 2).  
Cover crops such as short-duration grasslands tend to have a potential for soil C 
sequestration that lies between those of crops and permanent grasslands. Grasslands, as 
semi-perennial groups of plants, correspond to agricultural land cover that links C, N and P 
cycles through plant and microorganism activities. A range of 30-50% of legumes in 
grassland mixtures seems optimal for promoting soil organic matter storage and decreasing 
risk of N losses (Soussana and Lemaire, 2014; Soussana et al., 2004). Legumes in pure 
stands or in mixtures provide a third way to link C-N-P cycles through symbiotic N fixation 
(Drinkwater and Snapp, 2007), and use of cover crops is yet another way to improve C-N-P 
linkages (Lemaire et al., 2014; Ryschawy et al., 2014; Soussana and Lemaire, 2014). 
Immobilizing C, N and P in relatively stable organic matter forms, i.e. with a significant 
“mean residence time”, is the key determinant of the extent and resilience of a soil’s ability 
to autonomously provide nutrients adapted to crop requirements and decrease nutrient losses 
to the environment (Drinkwater and Snapp, 2007; Soussana and Lemaire, 2014). These 
processes can be strengthened by manure application (as suggested for local coexistence, 
complementarity and synergy – Types 2, 3 and 4) through mechanical spreading or grazing, 
which increases the size and diversity of soil microbial populations and the biological 
fertility of soils (Diacono and Montemurro, 2010). Moreover, reducing bare soil in crop 
rotations by introducing grasslands and cover crops decreases the risk of soil erosion. 
Permanent legume crops (e.g. grasslands, alfalfa) strongly reduce direct and indirect energy 
consumption (by plowing and N fertilizer use, respectively) and consequently develop 
climate regulation services (a non-market service).  
According to the intensification level, grazing of grasslands, cover crops, legumes and crop 
residues can improve or degrade soil fertility by coupling or decoupling C, N and P 
(Carvalho et al., 2010; Soussana and Lemaire, 2014). The threshold above which land-use 
intensification is associated with a strong increase in environmental risks is highly site-
dependent (Lemaire et al., 2014; Soussana and Lemaire, 2014). Depending on the site, 
beneficial effects can be increased or decreased through reduced- or no tillage in a 
conservation agricultural approach (Franzluebbers, 2010; Tilman et al., 2008). In general 
terms, improving production services through crop–livestock integration would require 
managing three key trade-offs: (i) maximizing C export vs. maximizing C returned to the 
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soil; (ii) maximizing forage quality to reduce CH4 emissions from enteric fermentation vs. 
minimizing root and shoot litter decomposability to increase mean residence time of soil 
organic matter; and (iii) maximizing animal stocking density vs. minimizing enteric CH4, 
urine N2O emissions and NO3 leaching (Soussana and Lemaire, 2014).  
2.2.3. Biological regulation services promoted by crop–livestock integration beyond the 
farm level 
By diversifying crop rotations in fields and spatial distribution of crops and grasslands in the 
landscape (as suggested for local coexistence, complementarity and synergy – Types 2, 3 
and 4; Table 1), development of crop–livestock integration beyond the farm level can have 
strong impact on biological regulations (Franzluebbers et al., 2011; Table 2). The 
composition and configuration of landscape structure (Fahrig et al., 2011) partly influences 
functional biodiversity in the landscape (Lüscher et al., 2014; Teillard et al., 2012). At a 
finer scale, a diversity of crops, semi-natural habitats and grasslands in the direct 
surroundings of a field also promote species richness and abundance of natural enemies of 
pests (Sarthou et al., 2014). From a functional viewpoint, increasing plant biodiversity both 
within and near fields helps reduce impacts of weeds, animal pests and diseases through 
ecological processes, such as resource dilution and stimulo-deterrent diversion (i.e. 
attraction of pests to catch crops, and repulsion from cash crops), allelopathy effects, and 
direct and indirect architectural/physical effects (Ratnadass et al., 2012). For example, 
alfalfa provides weed management benefits and is particularly valuable where herbicide 
resistant weeds are problematic (Doole and Pannell, 2008). This legume fodder crop 
promotes aphid parasitoids because its flowers provide nectar (Landis et al., 2000) and it 
provides alternative hosts to parasitoids of aphid pests (Langer and Hance, 2004). Grazing 
also contributes to biological regulation services, since it generally decreases grass refuges 
in pastures, which often shelter large aphid colonies and are suitable reproduction sites for 
aphid-feeding beneficial insects (unpublished data). 
Landscape-level biological regulations could be easier to develop with the synergy (Type 4) 
form of crop–livestock integration and when concerned farmlands are spatially continuous 
and contiguous. The landscape has been shown to impact natural enemies of pests and their 
action of biological control, and heterogeneous landscapes with diversified and interlaced 
crops and semi-natural habitats promote this regulation service (Bianchi et al., 2006; 
Tscharntke et al., 2005; Tscharntke et al., 2012; Véres et al., 2013). Almost all beneficial 
insects move outside fields at different periods of the year, while half of insect pests can 
complete their entire life cycles inside a single field (Häni et al., 1998). Delivering 
biological regulation services requires detailed social agreements among farmers to 
implement the right combination of biotic and/or abiotic components at the right place 
across the landscape and at the right time (Mace et al., 2012). Many pest-management 
studies have highlighted that adapted management strategies at multiple levels are needed to 
greatly reduce pesticide use (Mediene et al., 2011; Rusch et al., 2012; Scherr and McNeely, 
2008). In such multi-level management and ecological processes, potential cascading effects 
can occur, leading to virtuous or vicious circles according to the scale of the process or area 
considered (Galloway et al., 2008). 
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Table 2: Contribution of forms of crop–livestock integration to the provision of ecosystem services. 
Symbols “0”, “+” and “++” mean no effect, a positive effect and a very positive effect on the 
considered service, respectively. In Type 2, provision of ecosystem services depends on introducing 
forage crops and temporary grasslands in crop rotations.  
Type of 
ecosystem  
services 
Ecosystem service 
considered 
Type 1:  
Global 
coexistence  
Type 2:  
Local 
coexistence 
Type 3: 
Comple-
mentarity  
Type 4: 
Synergy 
Soil fertility 
services 
Soil fertility 0 + + ++ 
Carbon sequestration 0 0/+ + ++ 
Biological 
regulation 
services 
Weed control 0 0/+ + ++ 
Pest and disease control 0 0/+ + ++  
 
2.3. Crop–livestock integration beyond the farm level to promote economic and social 
benefits 
2.3.1. Economic benefits 
Crop–livestock systems at the farm level are often considered providers of key economic 
benefits. Economies of scope, most often cited, are obtained by combining development of 
diversified products and decreasing variability in gross margins (Ryschawy et al., 2012; 
Vermersch, 2007). Complementarities between crops and livestock decrease purchases of 
animal feed and synthetic fertilizers, which decrease production costs, increasing economic 
efficiency (Andersson et al., 2005; Ryschawy et al., 2012; Veysset et al., 2014; Wilkins, 
2008). Several economic and social benefits specifically apply or can be obtained when 
crop–livestock integration is developed beyond the farm level (Asai et al., 2014a, 2014b; 
Lemaire et al., 2014; Russelle et al., 2007). 
The possibility of reorganizing spatial allocation and therefore interactions between crops, 
grasslands (local coexistence and complementarity, Types 2 and 3) and animals (synergy, 
Type 4) at the collective level may promote risk sharing among farmers (Table 3) and 
increase the adaptive capacity of individual farms (Darnhofer et al., 2010). Such adaptive 
capacities also provide flexibility and improve the resilience of agricultural systems (Biggs 
et al., 2012; Folke et al., 2010). It becomes possible to diversify land use and develop 
diversified internalized markets based on exchanges between crop and livestock farms 
(Dalle and Didry, 1998, Havet et al., 2014; Wilkins, 2008). One example of land use that 
applies to local coexistence, complementarity and synergy (Types 2, 3 and 4) is the 
possibility of obtaining straw without needing to grow cereal crops, which allows livestock 
farmers to create new equilibria between land and animals (Havet et al., 2014). One example 
of internalized markets that applies to complementarity and synergy (Types 3 and 4) is the 
possibility for crop farmers to sell their products to livestock farms according to specific 
quality criteria; this strategy would address decreases in quality after a technical problem or 
meteorological event that would hinder selling this product on the conventional market (Bell 
et al., 2014). Such internalized markets and associated economies of scope developed at the 
collective level, through work organization for example, could also reduce the risk of 
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income variability due to conventional market ﬂuctuations (Peyraud et al., 2014). Such 
collective organization allows external economies as well, i.e. through local collective 
investments and purchase of inputs (Dalle and Didry, 1998). With local coexistence, 
complementarity and synergy (Types 2, 3 and 4), internalized markets allow consumers to 
easily understand production traceability, which could strengthen their trust in the quality of 
agricultural production and possibly provide additional economic benefits (Pecqueur, 2001). 
As part of complementarity and synergy (Types 3 and 4), collective organization also offers 
the opportunity to increase resource-use efficiency (Table 3) through spatial allocation of 
agricultural activities according to relative advantages of activity-location combinations of 
farmland (Havet et al., 2014; Lemaire et al., 2014; Wilkins, 2008). It would avoid or 
decrease cultivation of crops on unsuitable land, which leads to inefficient resource use. For 
example, land where crops cannot reach desired yields may be better devoted to livestock 
grazing, whereas highly fertile soils could be sustainably cropped under long and diversified 
crop rotation without animals (Allaire et al., 2014, Bell et al., 2014). Also, producing 
irrigated forage in areas with high agronomic potential where water is available and 
accessible at low prices (pumping from rivers or shallow wells) and transferring it to 
livestock farms in the same local area that do not have such fields could avoid construction 
of expensive water reservoirs. Improved organization of land use at the collective level 
should increase overall productivity and economic returns (Bell et al., 2014; Franzluebbers, 
2007). 
2.3.2. Social benefits 
Several social benefits are provided by crop–livestock integration beyond the farm level 
through social coordination among farmers. They are mainly promoted by the 
complementarity (Type 3) and synergy (Type 4) forms of integration. These social benefits 
mainly concern (i) farm management and workflow, (ii) social learning and collective 
empowerment and (iii) social acceptance of agricultural activities. 
Long-term analysis of work organization in diversified crop–livestock farms has shown 
seasonal complications in management when animal-production and cropping-activity 
workloads conflict (Dedieu and Serviere, 2012). Collective organization offered by synergy 
(Type 4) may offer opportunities to resolve or reduce these workload problems (Table 3), 
while sharing specific workloads during busy periods. For example, possible solutions 
include sharing the labor force through shared employees, task delegation, or shared tasks 
between farmers (e.g. for making silage), as well as shared equipment to increase 
productivity (Lemaire et al., 2014). This can increase individual and collective economic 
efficiency. Complementary (Type 3) and synergistic (Type 4) reorganization of land use at 
the collective level may make workloads on each farm more adapted to the available 
quantity and skills of the work force (Table 3). Hence, transferring certain forage or grain 
production to crop farms may facilitate workload organization on livestock farms. 
Importantly, the possibility of improving farm workloads will strongly promote individual 
acceptance and perception of work constraints, mainly in livestock systems. It can offer new 
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opportunities, such as having weekends off and annual vacations (Ryschawy et al., 2013; 
Scott, 2006).  
Asai and Langer (2014) surveyed 644 intensive livestock farmers in Denmark who 
distributed manure to other farms. Two-thirds of them reported that they had established at 
least one additional collaborative activity (e.g. co-work on selling/marketing) with their 
manure partner besides the manure arrangement. Cluster analysis categorized the 644 
partnerships into four clusters, one of which (16% of all partnerships) whose members 
conducted more than four additional activities, while members of other clusters organized 
about one additional activity. The former cluster can be assimilated into the synergy (Type 
4) form of integration, characterized by strong social relationships, frequent communication 
among partners, and long partnerships (over 10 years). In one-third of the partnerships, 
partners had worked together on other farm activities prior to the manure partnership, while 
another 30% of partners used this policy-driven manure partnership as an opportunity to 
develop other types of collaboration to respond to internal/external conditions. This 
development of collaborative partnerships can be seen as a means of social innovation to 
strengthen farmers’ ability to adapt to external changes (Table 3). 
In professional groups, exchange of knowledge mainly promoted by complementarity (Type 
3) and synergy (Type 4) provide increasing options for individual adaptations and the ability 
to collectively respond to problems (Table 3), such as the management of common goods 
(Fourcade et al., 2010). Hence, describing “collective aptitudes” in local agricultural 
professional groups, Darré (1999) highlights “decision-making empowerment” due to social 
learning, which is called “capacity building” (Faure and Kleene, 2004; Kilpatrick et al., 
2006). This is considered a positive “informational externality” of collective organization 
(Dalle and Didry, 1998). On-farm changes and their effects on the environment and society 
could encourage farmers to modify values that underlie their professional activities and 
promote personal development (Coquil et al., 2013; Goulet and Vinck, 2012; Vounouky and 
Rémy, 2009). It could also increase trust among farmers. 
Crop-farm diversification could promote development of attractive recreational landscapes 
and more acceptable farming systems. This is especially the case for local coexistence, 
complementarity and synergy (Types 2, 3 and 4), especially when including grasslands. The 
potential increase in the amount of land grazed by animals contributes to animal well-being 
and crop-livestock integration (Table 3). Reorganization of land use at the collective level 
could also increase conformity with environmental regulations, e.g. by specialized livestock 
farms that lack sufficient land area to manage the amount of manure produced (Asai et al., 
2014b). Accordingly, crop–livestock integration beyond the farm level may improve societal 
acceptance of livestock and crop farms. 
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Table 3: Contribution of forms of crop–livestock integration to the provision of economic and social 
benefits. Symbols “0”, “+” and “++”mean no effect, a positive effect and a very positive effect on 
the considered service, respectively. 
Types of 
benefits 
Benefit considered Type 1: 
Global 
coexistence 
Type 2: 
Local 
coexistence 
Type 3: 
Comple-
mentarity 
Type 4: 
Synergy 
Economic 
benefits 
Risk sharing 0 0 + ++ 
Resilience 0 0 + ++ 
Resource-use efficiency 0 + + ++ 
Social 
benefits 
Management and workflow 0 0 + ++ 
Social learning / Empowerment 0 0 + ++ 
Social acceptance of 
agriculture 
0 + + ++ 
 
2.4. Potential limitations of crop–livestock integration beyond the farm level 
2.4.1. Cognitive and behavioral limitations 
Increased coordination among farms along with local coexistence, complementarity and 
synergy (Types 2, 3 and 4) forms of crop–livestock integration gradually make their 
management more complex (Hendrickson et al., 2008; Horlings and Mardsen, 2011; Sulc 
and Tracy, 2007). This increase in complexity is related to increased diversity of practices 
and interactions to manage within and between the crop, grassland and animal components 
and among farmers (for complementarity and synergy – Types 3 and 4). This could increase 
new knowledge and skill requirements and classic management constraints of diversified 
and integrated agricultural systems: (i) knowledge gaps about the functioning of ecological 
and agricultural systems, e.g. the interaction between the landscape mosaic, management 
practices and the resulting biological regulation of pests; (ii) imperfections and limits in 
detecting variations in the state of the environment under the effects of ecological processes 
and farming practices; (iii) the difficulty, if not impossibility, of controlling all management 
practices within a group of farms; and (iv) the stochastic, and thus unpredictable, character 
of certain ecological processes (Williams, 2011). These management constraints increase 
transaction costs of reaching farmers’ individual and collective objectives (Asai et al., 
2014a).  
Risk aversion and awareness of risk sharing can compromise farmers’ willingness to engage 
in crop–livestock integration among farms (Carruthers and Vanclay, 2012; Hendrickson et 
al., 2008). Farmers might be unwilling to face the new constraints that appear, such as loss 
of autonomy in decision-making, dependence on other farmers for decision-making and 
action, and involvement in partnerships of varying degrees of formality, especially with the 
complementarity and synergy (Types 3 and 4) forms of integration (Moraine et al., 2014). 
Risk aversion is influenced by external factors, such as prices of inputs on the international 
market. For instance, crop farmers’ willingness to accept manure partly depends on the 
fluctuating price of mineral fertilizers: they are more open to receive manure when the price 
of mineral fertilizers is high (Jacobsen, 2011). This occurred in manure partnerships 
between organic dairy farms and organic crop farms: since demand for organically certified 
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manure remains high, their partnerships lasted significantly longer than those between 
conventional dairy farmers and conventional crop farmers (Asai & Langer, 2014). 
2.4.2. Environmental limitations 
Mismatch between supply and demand of nutrients (especially N, P, K), partly related to 
location-specific characteristics (e.g. soil properties), can limit the relevance of local 
coexistence, complementarity and synergy (Types 2, 3 and 4). Especially with local 
coexistence, manure exchanges largely remain unidirectional: manure moves from livestock 
farms to crop farms, but nutrients do not necessarily return to livestock farms through 
feedstuff (Moraine et al., 2014; Peyraud et al., 2014). Typically, crop farmers receiving 
manure do not adequately account for its nutrient supply (Schmitt et al., 1999). This can be 
explained by uncertainty surrounding manure application related to manure nutrient content 
or interaction with application timing (Asai and Langer, 2014). Ultimately, inadequate 
accounting of nutrient supply can lead to source-sink imbalances among crop and livestock 
farms and result in soil nutrient leaching on crop farms and soil nutrient depletion on 
livestock farms. 
2.4.3. Economic limitations 
The physical costs of transporting plant products and manure (e.g. straw-manure; Wilkins, 
2008) involved in local coexistence, complementarity and synergy (Types 2, 3 and 4) also 
determine their economic acceptance by farmers. The maximum distance of economically 
efficient transport depends strongly on topography of the road between farms and the type of 
animal manure as a function of its dry matter (DM) content (Asai et al., 2014a). For 
instance, Dagnall et al. (2000) reported that high-DM (~70%) manure can be profitably 
transported up to 40 km from animal houses, whereas low-DM (<10%) manure can only be 
transported 10 km. Taking these economic aspects into consideration, a study in the United 
States (Files and Smith, 2001) concluded that crop–livestock integration among farms 
ideally should occur within a distance of 25 km. Considering these economic aspects and 
environmental side-effects (e.g. GHG emissions) is essential, since few policy incentives 
support this kind of coordination (Nuno et al., 2014; Sulc and Tracy, 2007). 
2.4.4. Social limitations 
Social aspects are the last limitation in developing complementarity and synergy (Types 3 
and 4). It requires overcoming social barriers between farmers to match crop rotations and 
related plant products to animal feed requirements (Paillat et al., 2010 in Peyraud et al., 
2014). Difficulty in doing so has been widely observed in studies of other collaborative 
activities between farmers. For instance, Ingram and Kirwan (2011) investigated joint farm 
ventures in the United Kingdom and found that formal long-term joint ventures are 
challenging due to differing motivations, expectations and concerns about farmers’ 
respective roles in the working relationship and the validity of the legal framework. Only 
when an informal relationship had already been established was there a commitment to 
formalize a joint venture agreement. This tendency was also observed in farmers’ 
collaboration in environmental management (Macfarlane 1998; Mills et al., 2011) and 
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machinery sharing (Emery and Franks, 2012). Ease of contact, respect and trust is essential 
for the success of cross-farm cooperation in landscape-level resource management (Asai et 
al., 2014a; Files and Smith, 2001). This could be further enhanced if farmers perceive 
themselves as a group acting or responding jointly with respect to a joint problem or 
resource (Mills et al., 2011). Here, mutual agreement implies addressing multiple and 
possibly diverging goals among individuals (Nuno et al., 2014) to reach consensus. A key 
concern for crop–livestock integration is how to deal with intra- and inter-annual variations 
in weather that could compromise the amounts of plant products exchanged. Long-lasting 
coordination between farmers requires that they work together with variation rather than 
against it (Lyon et al., 2011) within the framework of contracts (oral or written).  
 
3. Intensifying crop–livestock integration beyond the farm level 
3.1. Required features of DSS for intensifying crop–livestock integration beyond the farm 
level 
3.1.1. DSS requirements 
Changes associated with transition to a local coexistence (Type 2) form of crop-livestock 
integration do not involve spatial or social coordination among farms. Changes concern 
widely encountered agricultural practices, such as diversification of crop rotations with 
forage crops, forage production with cover crops (for local livestock), manure spreading on 
crop fields and integration of local grain into animal diets (Table 1). They can easily be 
addressed with available DSS, such as crop models (Rodriguez et al., 2014) and animal 
nutrition models (INRA, 2007). Therefore, no specific DSS needs to be developed for local 
coexistence. In contrast, complementarity and synergy (Types 3 and 4) require building 
seldom-encountered forms of spatial and social coordination among farms and farmers that 
cannot be addressed with available DSS. This section deals with DSS oriented towards 
intensification of these two forms of integration and specifically how they address 
integration of spatial and social coordination among farms and farmers. 
The effectiveness of scientific information and intervention in influencing societal learning 
and action, such as coordination between farmers in crop–livestock integration beyond the 
farm level, depends on three main features: credibility, salience and legitimacy (Cash et al., 
2003). “Credibility involves the scientific adequacy of the technical evidence and 
arguments. Salience deals with the relevance of the assessment to the needs of decision 
makers. Legitimacy reflects the perception that the production of information and 
technology has been respectful of stakeholders’ divergent values and beliefs, unbiased in its 
conduct, and fair in its treatment of opposing views and interests” (Cash et al., 2003). 
3.1.2. DSS function, behavior and structure 
To ensure credibility, salience and legitimacy, DSS fostering crop–livestock integration 
beyond the farm level must display features that can best be described by three aspects 
(Gero and Kannengiesser, 2004): (i) function, i.e. what the DSS is for, e.g. design and 
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evaluation of a possible solution; (ii) behavior, i.e. how the DSS does it, e.g. simulation-
based assessment of solutions designed by users; and (iii) structure, i.e. what the DSS 
consists of, e.g. a board game supplemented by a dynamic farm model operating at the 
landscape level (i.e. a group of farms). 
Functions of the DSS are defined according to stakeholders’ needs to achieve saliency. 
Participatory design of agricultural systems has to support the three key steps of the design 
process (Martin et al., 2012a): (i) problem specification (current system functioning and 
associated multi-domain issues); (ii) design of new systems, including necessary spatial, 
temporal and social coordination among farms and farmers; and (iii) assessment across 
space and time of their potential effects and trade-offs between the individual and collective 
levels (Jakku and Thorburn, 2010; Klerkx et al., 2012). It is also expected that during the 
design process, the DSS will structure the negotiation process between farmers (Barreteau, 
2003; Etienne, 2003) to identify consensual solutions at the individual and collective levels 
and achieve legitimacy.  
To achieve this aim, the behavior and structure of the DSS should rely on the conceptual 
framework that supports adaptation of agricultural systems proposed by Martin (2014), 
which has already been applied to several agricultural DSS (Farrié et al., 2015; Martin et al., 
2011). This framework (Fig. 2) builds on collective workshops involving researchers, 
agricultural consultants and farmers who collectively manipulate boundary objects (e.g. 
cards and computer models). This enables simulation modeling of agricultural systems and 
design of adaptations such as crop–livestock integration beyond the farm level (Duru et al., 
2012). Following Martin (2014), manipulated objects are of two types: (i) material objects 
(e.g. cards) enabling modeling, i.e. representation of the current situation and design of 
possible solutions to the problem, and (ii) computer objects (e.g. computer models) enabling 
simulation, i.e. assessment of these solutions. Material objects represent physical and 
functional entities managed by farmers, such as crops, fields and animal groups. They are 
intended to create a connection between workshop participants (Klerkx et al., 2012). 
Computer objects (Fig. 2) provide instantaneous integrated evaluation (in the form of graphs 
and indicators) of candidate solutions designed by workshop participants to stimulate their 
reflections and negotiations. Such collective workshops are also expected to foster 
hybridization of scientific (to ensure credibility) and empirical knowledge (to ensure 
saliency and legitimacy). 
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Figure 2: O verview of t he col lective workshops und erlying t he conceptual f ramework of Ma rtin 
(2014). C ircles refer t o p eople and triangles t o bo undary ob jects. Arrows represent interactions 
between people and between people and boundary objects. Bold text, connected to the ovals, refers 
to processes involving people and boundary objects.  
3.1.3. Specific requirements of computer models 
The computer object is of key importance in the DSS. To support the three design phases, 
we consider a  spatia lly explicit dynamic simulation model operating a t the farm-level and 
incorporating (i) biophysical models simulating activity-location combinations (i.e. cropping 
and grassland s ystems under different soil a nd climate c onditions) a nd h erd management 
(e.g. a nimal reproduction, fe eding a nd pr oduction); (ii) decision models representing 
farmers’ crop and grassland management and coordination between farmers; and (iii) 
logistics models representing raw material fluxes between farms and associated resource use 
(e.g. wo rkforce, m achinery). Simulation models de veloped b y agricultural research are 
unable to cope with all characteristics of a given farming context (Ewert et al., 2002). One 
solution to this problem is participatory modeling and simulation that incorporates farmers’ 
empirical knowl edge into the simulation mode ls to im prove their local re levance and 
therefore their saliency and credibility.  
This computer object should allow simulation of impacts of intra- and inter-annual weather 
variations in crop, forage and animal production and resulting exchanges between farms, as 
well a s variability in individual and collective pe rformances. Spatially explicit g raphs and 
indicators calculated by the DSS are expected to quantify provision of ecosystem services by 
the simulated farms a nd e nable identification of  a cceptable tr ade-offs between indi vidual 
and collective performances under constraints such as land suitability, labor availability, etc. 
(Paracchini et a l., 2011;  van Ittersum et a l., 20 08). They also encourage communicative 
learning, thereby promoting salience of the DSS (Jordan et al., 2011). 
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3.2. Related issues: a matter of upscaling  
3.2.1. Upscaling processes involved 
Developing a DSS to intensify crop–livestock integration beyond the farm level requires 
addressing several kinds of scale changes (Fig. 3): 
 functional (or organizational) upscaling (Ewert et al., 2011) when moving across 
organizational levels: from individual fields and field groups (managed similarly) to 
individual farms and groups of farms 
 spatial upscaling (Ewert et al., 2011) from cropping system areas to farmlands and 
groups of farm areas 
 temporal upscaling (Ewert et al., 2011) between the differing time steps of 
management and assessment periods (e.g. annual and inter-annual) 
 upscaling from individual decision-making to collective decision-making (Menter et 
al., 2004) 
Scaling methods refer to the methods used to integrate data and models at different levels 
and scales. In multi-level assessment and modeling approaches, models developed at one 
level (e.g. plant) can theoretically provide information to models of an upper level (e.g. 
canopy, field). In practice, knowledge and data are not directly transportable across levels 
(Ewert et al., 2011). Therefore, upscaling requires defining the most salient levels of 
analysis to integrate across levels in the early stages of a project (Volk and Ewert, 2011). In 
addition to upscaling, development of such a DSS requires anticipating its outscaling 
(Hermans et al., 2013), i.e. the horizontal process that consists of transposing it from one 
group of farmers to another, and therefore from one agricultural area to another. 
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Figure 3: Diagram of spatial, temporal, decision-making and functional upscaling 
3.2.2. Functional upscaling and outscaling 
Functional upscaling a nd outsca ling que stion the modeling a pproach im plemented during 
the development of the DSS a nd it s va lidity do main. It is essential to represent the key 
interactions between the subsystems (e.g. crops, grasslands, animals and the farmer) of each 
level while keeping the model as simple as possible to promote transparency and as robust 
as possible to promote its outscaling. Previous studies have shown that scientifically credible 
results are not necessarily obt ained with models with the highest level of de tail of e ither 
biophysical (Adam et al., 2011) or decision-making processes (Martin et al., 2012b). Tools 
and models have to be transposable among agricultural situations despite the latter’s site-
dependent characteristics (e.g. soil -climate c onditions, crop management practices). The 
required DSS  must  combine complex systems modeling (Pahl -Wostl and Hare, 2004)  and 
low data modeling (Therond et al., 2011) to facilitate (i) calibration, especially spatialization 
of crop and grassland models in a landscape (Faivre et al., 2004); (ii) validation, to achieve 
scientific c redibility a nd outsca ling; and (iii ) interaction with stakeholders to achieve 
salience.  
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3.2.3. Functional and spatial upscaling  
Regarding spatial upscaling, farms can be located on continuous landscapes. To promote 
ecosystem services through adapted land-use plans while achieving credibility and salience, 
a fine spatial resolution is necessary to consistently assess the fine components of the 
landscape matrix that determine ecosystem services (e.g. land-cover pattern, type and spatial 
distribution of semi-natural habitats). Investigating large landscapes enables analysis of 
farmlands’ neighboring effects and identifies hotspots of ecosystem services. The challenge 
remains to develop, collect, organize and integrate the high-resolution geographic data to 
combine with indicators of ecosystem services (Eigenbrod et al., 2010; Maes et al., 2012). 
To achieve salience, functional and spatial upscaling requires addressing labor requirements 
and costs of implementing coordination between farms. As explained previously, 
transportation impacts may decrease the environmental benefits of exchanges. Two 
characteristics of exchangeable products can be used to set a maximum transfer distance 
based on economic cost and environmental impacts: protein or energy density and DM 
content. The greater the transfer distance, the denser products must be in energy, protein, or 
DM to make the transfer sustainable. Therefore, the logistics involved in crop–livestock 
integration beyond the farm level must be modeled and simulated (Le Gal et al., 2009), for 
instance using emergy accounting (Vigne et al., 2010). 
 
3.2.4. Functional and temporal upscaling 
Challenges when developing crop–livestock integration beyond the farm level include 
ensuring intra- and inter-annual complementarities and balancing direct and indirect 
(manure) crop and livestock production. It requires addressing dynamics of different types 
of production and constraints in their use (e.g. manure spreading) over time and across 
organizational levels, i.e. amounting to functional and temporal upscaling. To achieve both 
credibility and salience at the field level, DSS must have an adequate (intra-annual) 
temporal resolution, e.g. to represent ruptures in dynamics of grassland production (Martin 
et al., 2012b) and “previous-crop” and cumulative effects of crop sequences. “Previous-
crop” effects include changes in physical, chemical and biological soil states caused by the 
previous crop that influence the next crop (Sebillotte, 1990). Cumulative effects include 
accumulation time of effects of crop sequences on “slow variables” (Biggs et al., 2012). 
Tools must also deal with relations between crop sequences and annual crop plans. Diversity 
in crop rotation duration and farmland constraints may promote variability in annual plant 
production, even though relative stability is often expected. 
 
3.2.5. Functional upscaling and upscaling from individual to collective decision-making 
Functional upscaling and upscaling from individual to collective decision-making require 
structured methods for participatory modeling with stakeholders. Due to complexity of the 
problems investigated, which are usually ill-defined, it is necessary to develop a structured 
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design process that combines hard and soft methods. This combination is intended to 
integrate scientific and farmers’ knowledge and move from problem specification to 
problem solving in iterative cycles of design and assessment. Few examples (Etienne, 2003) 
exist of structured conceptual frameworks and methods for participatory modeling with 
stakeholders. One key challenge is to structure the design process so that it promotes social 
learning and collective action (Armitage et al., 2008; Newig et al., 2008; Pahl-Wostl and 
Hare, 2004). 
Upscaling from individual to collective decision-making also involves dealing with 
governance and equity issues within farmer groups. These issues have long constituted the 
core criticism of participatory approaches. Only recently have researchers suggested 
methods to deal with such issues (Barnaud and van Paassen, 2013; Leeuwis, 2000). To date, 
implementation of these methods is limited to a few case studies conducted by these authors. 
The challenge remains to develop a consistent modeling tool that explicitly represents trade-
offs and synergies between the individual and collective levels and allows transparent 
discussion and negotiation among farmers to find legitimate solutions to their problems. 
Greater integration of crops and livestock based on managing material flows and 
agrobiodiversity may lead to mediation between targeted objectives and services (Raudsepp-
Hearne et al., 2010). For example, optimizing resource allocation and production locations 
may lead to specializing areas as a function of their comparative advantages, thus decreasing 
local biodiversity and the expression of certain ecological services (e.g. biological 
regulation). Development of crop–livestock integration should strengthen ecosystem 
services while maintaining a level of socio-economic benefits that ensures the feasibility and 
acceptability of agricultural practices and the management of necessary resources (e.g. soil, 
material). Accordingly, DSS should allow farmers involved in designing mixed crop–
livestock systems to rank the importance of the expected ecosystem services and socio-
economic benefits. 
 
4. Conclusion 
We reviewed the scientific literature to identify the potential for restoring the sustainability 
of agricultural systems by developing crop–livestock integration beyond the farm level 
through coordination among specialized farms. Three forms of integration, i.e. local 
coexistence, complementarity and synergy, can be implemented that correspond to a 
gradient of spatial, temporal and social coordination among farms and farmers. Each of 
these three forms promote successively higher provision of soil fertility and biological 
regulation services through increased temporal and spatial interactions between the crop, 
grassland and animal components of farms. Economic and especially social benefits are 
expected to increase along with these forms of integration. Limitations related to increased 
complexity of farm management and to aversion to risks of collective organization can be 
addressed by developing adapted DSS. By enabling farmers to design and assess potential 
solutions to spatial, temporal and social coordination, DSS that include spatially explicit 
simulation of crop-livestock integration options beyond the farm level may reduce 
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uncertainty about its implementation and stimulate social learning among farmers. When 
implementing these DSS with farmers, attention should be paid to consequences on 
governance and equity issues within farmer groups. Coordination should not strengthen the 
power of some farmers at the expense of others. 
 
Synthèse du chapitre 2 
 
L’intégration culture – élevage entre fermes spécialisées peut fournir des bénéfices 
environnementaux : en premier lieu limiter la consommation de ressources naturelles et les 
risques de pollution, mais aussi fournir des services écosystémiques permettant non 
seulement de limiter les impacts des activités mais d’avoir un effet positif sur les 
écosystèmes. Différentes formes d’intégration peuvent être identifiées selon les 
coordinations spatio-temporelles entre culture et élevage développées. Les bénéfices 
attendus sont corrélés au niveau d’intégration qui détermine l’intensité des processus 
écologiques soutenant les services. Une intégration forte serait donc à privilégier pour 
développer des systèmes de production plus durables.  
Les coûts de coordination entre acteurs pour développer l’intégration entre fermes pourraient 
être importants, notamment la gestion et la complexité du travail demandé. Ces 
coordinations permettraient néanmoins une augmentation de l’autonomie décisionnelle des 
agriculteurs, la possibilité d’un pilotage stratégique de l’usage des sols et l’adaptation 
tactique de l’utilisation des cultures.  
Une démarche de recherche visant à accompagner le développement d’interactions culture – 
élevage entre fermes doit s’appuyer sur une conceptualisation robuste des entités du 
système, des processus et des variables clés à modéliser. L’enjeu est en premier lieu la 
construction d’une méthodologie de conception et d’évaluation de formes d’intégration 
culture - élevage, préfigurant un modèle plus générique applicable dans de nombreux 
contextes.  
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Chapitre 3 : Cadre conceptuel de l’intégration culture – 
élevage à l’échelle territoire 
 
Article soumis à Renewable Agriculture and Food Systems 
A social-ecological framework for analyzing and designing 
crop-livestock systems from farm to territory levels 
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1 Institut National de la Recherche Agronomique (INRA), UMR 1248 AGIR, Chemin de 
Borde Rouge, CS 52627, 31326 Castanet-Tolosan cedex, France 
 
Abstract  
Integrated crop-livestock systems are often considered a promising way to address agricultural 
sustainability issues. Many authors claim that complementarities and synergies between crops and 
livestock can improve nutrient cycling and delivery of ecosystem services in agricultural systems. 
They have analyzed effects of interactions at the farm level and affirmed the potential advantage of 
developing crop-livestock interactions at the territory level. However, potential benefits of developing 
synergies at these different organizational levels have not been clearly identified. Thus, we developed 
a conceptual framework that can be used to analyze, design and perform integrated assessment of 
crop-livestock systems at the territory level. To address crop-livestock interaction issues, we define it 
as a social-ecological system called the Territorial Crop-Livestock System. The ecological system is 
represented as three interacting components, crops, grasslands and animals, and describes various land 
uses and their potential effects on nutrient cycling and ecosystem services. The social system, 
represented as farmers interacting with natural-resource managers and agro-food chain actors, 
determines land use and the nature and intensity of ecosystem services delivered. We highlight the 
importance of coordination and learning among actors to support implementation of complex adaptive 
systems such as crop-livestock systems. We demonstrate how our conceptual framework can be used 
as an intermediary object with stakeholders in participatory design approaches. We illustrate this 
process by representing four archetypal Territorial Crop-Livestock Systems. We provide an example 
of the design approach implemented in southwestern France to address severe recurrent water 
shortages, which includes analysis of land use in the current crop-livestock system and the associated 
key metabolic and ecosystem-service issues, identification of options for change and multicriteria 
analysis of these options. We conclude that this framework shows great potential to support 
development of sustainable farming systems at the territory level.  
 
Keywords: crop-livestock integration, ecosystem services, social-ecological system, 
landscape design, nutrient cycling, multicriteria analysis. 
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1. Introduction  
Agricultural production systems that combine animals and crops have existed for 8-10 
millennia (Russelle et al. 2007). Originally, these systems allowed animals to use non-arable 
zones and crop residues, which increased fertility of arable soils with animal wastes and 
provided a variety of plant and animal products. In the 20th century in industrialized countries, 
mechanization led to the disappearance of draft animals, while intensive use of mineral 
fertilizers increased agricultural production without dependence on animal waste. At the same 
time, long and diversified rotations, the main method for managing pests, were shortened and 
simplified due to pesticide use (Schott et al. 2010). These changes led to simplified and 
standardized production methods and specialized farming systems and regions as a function 
of their comparative advantages. In many regions of developed countries where crops are 
grown, livestock systems generally declined due to this specialization process (Russelle et al. 
2007; Shiere et al. 2002; Wilkins 2008). They are now concentrated in zones organized into 
large livestock chains (e.g., Brittany, France), in regions with limits to mechanized plowing 
and in mountainous zones that produce high-added-value cheese. The dynamics of 
specialization cannot be disassociated from the massive use of inputs, fossil energy, and often 
irrigation water, which make these hyper-specialized systems possible (Mazoyer and Roudart 
2006). The FAO’s (2006) Livestock’s Long Shadow report indicated that continuing the 
current trend of livestock intensification and specialization in industrialized countries is not 
sustainable due to its impacts on water resources, climate change, and ecosystems. 
 Recently, many reviews (Hendrikson 2008; Lemaire 2007; Russelle et al. 2007; Shiere 
et al. 2002; Wilkins 2008) and special issues (Franzluebbers et al. 2014) have listed the 
benefits of systems that combine crops and livestock when their integration is suited to soil 
and climate conditions.  Benefits include improved nutrient cycling, increased soil fertility by 
including legumes and grasslands in cropping systems and diversified production to stabilize 
yields and decrease economic risks. These studies highlight that crop-livestock interactions 
mainly provoke land-use issues. Bell and Moore (2012) categorized possible interactions 
between crop and livestock production in space (co-location vs. segregation) and time 
(synchronization vs. rotation). Recent reviews list expected benefits at the farm level in a 
wide range of regions: the United States (Sulc and Franzluebbers 2014), North and South 
America (Franzlubbers et al. 2013), Australia (Bell et al. 2013), Europe and South America 
(Bonaudo et al. 2013). However, most of these studies insufficiently explore the wide 
potential of crop-livestock integration. 
These studies mainly focus on resource-use efficiency and nutrient cycling and 
consider that crop-livestock integration represents a model of eco-efficient agriculture that 
reduces negative environmental outcomes (Wilkins 2008). Risk mitigation and ability to 
match land use to land capacity have also been explored (Herrero et al. 2010; Sumberg 2003). 
Recent literature recognizes crop-livestock systems as an acceptable way to develop 
ecosystem services (ES), reduce the use of exogenous inputs (Bonaudo et al. 2013) and 
support ecological modernization of agriculture (Horlings and Mardsen 2011). Duru and 
Therond (2014) highlight that most studies investigating types of crop-livestock integration 
considered management options without explicitly examining whether they improve nutrient 
cycling and input-use efficiency (i.e., the “metabolism” of the system) or develop ES.  
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Most existing studies analyze environmental or economic performances of crop-
livestock integration at the farm level (e.g., Botreau et al. 2014; Ryschawy et al. 2012). 
Considering the great difficulties in reintroducing animals to specialized field-crop farms, 
some suggest investigating the potential of crop-livestock integration among farms, i.e. at the 
territory (or landscape) level (Lemaire et al. 2014; Peyraud et al. 2014; Soussana and Lemaire, 
2014; Wilkins 2008). By “territory”, we mean the geographic level at which local agricultural 
and environmental issues are managed. Developing the interactions between specialized crop 
and livestock farms at the territory level, as claimed by these authors, raise important 
methodological issues and conceptual gaps regarding ways to analyze and design integrated 
crop-livestock systems (ICLS) in a multi-level system. Tanaka et al. (2008) describe the limits 
of the experimental approach as the impossibility of integrating multiple objectives and 
analyzing trade-offs between performances. Randrianasolo et al. (2010) show the importance 
of ex-ante analysis and multicriteria assessment to design ICLS.  
The methodological challenges of developing ICLS at the territory level, called 
hereafter Territorial Crop Livestock Systems (TCLS), are numerous. An analytical framework 
is necessary to identify the current farming systems and the advantages and issues of 
developing crop-livestock interactions at the territory level. This framework should support 
design of the spatial distribution of crop-livestock interactions in the landscape and the 
transfer of raw resources between farms (e.g., livestock waste, forage). Because development 
of crop-livestock interactions at the territory level will require reorganization within farms, 
this framework should also include these within-farm changes. Breakthrough innovations are 
often necessary in such a design approach that includes both farming systems and territory, 
and consequently involves different stakeholders (Meynard et al. 2012; Nassauer and Opdam, 
2008; Rickards and Howden 2012). This entails simultaneous consideration of individuals and 
collective action within a framework that allows collective learning and adaptation to change 
(Hubert et al. 2011). Therefore, the design of TCLS must consider the ecological and socio-
economic conditions of their implementation. The focus on analysis of relationships between 
farming systems and agricultural-landscape dynamics anchors this work in the scientific field 
of landscape agronomy (Benoit et al. 2012) and landscape design (Nassauer and Opdam, 
2008). 
This paper presents an original conceptual framework to support analysis and design 
of TCLS.  
TCLS are presented as social-ecological systems in which crop-livestock integration among 
Animals, Grasslands and Crops enhance metabolic functions, ES and stakeholder 
coordination at the territory level. These main domains and processes of crop-livestock 
integration shape a framework to analyze its diverse forms and levels, to design TCLS and to 
perform integrated assessment of innovative options. It encompasses social-coordination 
issues surrounding development of TCLS systems. We illustrate and discuss the expressive 
power (i.e., the breadth of ideas that can be represented) of our conceptual framework in a 
TCLS design process in three steps: diagnosis, design, and assessment, conducted in a 
participatory research project in southwestern France.  
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2. A conceptual framework to analyze crop-livestock 
integration  
2.1. Biophysical components, flows and processes of crop-livestock 
integration 
2.1.1. Core interactions among Animals, Grasslands and Crops  
At farm or territory levels, crop and livestock production can be structurally independent or 
interact over space and time. Characterizing key interactions within these systems is primarily 
a matter of describing land use, considering direct (e.g., biomass consumption, deposition of 
animal waste) and indirect (e.g., manure release) effects of animals (Bell and Moore, 2012). 
In these systems, medium- to long-term grasslands is a land-use type with a particular role in 
delivering key ES (e.g., Bretagnolle et al. 2011; Lemaire et al. 2014; Rodrigez-Ortega et al. 
2014; Sousana and Lemaire 2014). Thus, to represent land use in CLS it is particularly 
important to consider spatio-temporal interactions between Animals, Grasslands, and Crops. 
In our conceptual framework they are represented as three “spheres” that interact over space 
and time to varying degrees (Fig. 1). The Crops and Grasslands spheres, which correspond to 
two primary productive agricultural areas, are composed of a range of species or species 
mixtures with specific functions. The Animals sphere corresponds to groups of animals and 
can determine how the two previous spheres are used. Small and large woody species are not 
excluded from the Crops and Grasslands spheres. Their presence may vary, ranging from lone 
trees or hedgerows to agroforestry systems or the grazing of moors. In the graphical 
formalization, spheres’ overlapping areas represent direct interactions in space, either 
simultaneously (e.g., grasslands grazed by animals) or over time in the form of a sequence 
(e.g., grasslands in rotation with crops). The Grasslands sphere includes cut or grazed 
permanent grasslands (overlap with the Animals sphere) and grasslands in rotation that are 
mowed (overlap with the Crops sphere) or mowed/grazed (overlap with the Crops and 
Animals spheres). The Crops sphere includes cash crops and crops destined for animals. This 
representation allows distinguishing management practices such as dual-purpose crops, when 
crop allocation may be modified by a tactical switch from one use to the other. Additionally, 
the destination of cash crops does not exclude the use of by-products such as straw for feeding 
livestock or crop-residue grazing. The Animals sphere is composed of different groups of 
animals whose species, breed, or performance level should be relatively homogenous. The 
characteristics of each animal group or combination of them determine the type and quality of 
resources that it can consume as well as the quality of its wastes. This representation of CLS 
can be used to represent crop-livestock interactions both at the farm level and the landscape 
level. Improving the sustainability of agricultural systems by developing ILCS requires 
identifying ways to improve system metabolism or ES provision (Dumont et al., 2013), i.e. 
analyzing the metabolism of material flows and biodiversity effects on ES at farm and 
landscape levels to enhance eco-efficiency.  
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2.1.2. Metabolic analysis of material flows 
Several studies (Botreau et al. 2014; De Faccio Carvalho et al. 2010; Dumont et al. 2013) 
highlight the importance of improving the metabolic functioning of livestock systems to 
improve sustainability of animal production. A crucial issue in crop-livestock integration is 
increasing resource-use efficiency and system self-sufficiency and decreasing direct (e.g., 
nitrate losses) or indirect (linked to input production) pollutant emissions to the environment. 
Beyond classic agricultural approaches that improve resource-use efficiency by applying a 
sufficient quantity at the right location and time (Drinkwater and Snapp, 2007), Figuière and 
Metereau (2012) describe how industrial ecology can inspire the design of self-sufficient 
agricultural systems by recycling waste from one subsystem to another. Recycling principles 
already exist in numerous case studies of crop-livestock integration (Acosta-Martinez et al. 
2010; Chardon et al. 2008; Giller et al. 2006; Randrianasolo et al. 2014; Schiere et al. 2002) 
and extend to more complex practices, such as grazing green-manure crops (Martens et al. 
2011). Grazing, via deposition of animal waste, returns most of the nutrients removed by 
animals, although it may induce losses to the environment due to grazing heterogeneity 
(Piñeiro et al. 2010, Soussana et al. 2014). 
Accordingly, improving CLS metabolism requires analyzing, designing and managing 
flows of key exogenous (inputs) and endogenous materials (waste of a subsystem) between 
the main components of the three spheres (Fig. 1). For example, animals on a farm with 
confined pigs would be large sources of N (stocked urea and feces) and use a large amount of 
C (straw and feed). Another farm with only cereal cropping would have the opposite profile: a 
large source of grain and straw using a large amount of N fertilizers. In this theoretical 
example, a territorial ICLS composed of these two types of farms could improve C flows 
(fixation through photosynthesis of cereals and consumption by pigs) and N recycling (use of 
pig manure as fertilizers) but still would be deficient in endogenous N supply (typically 
brought by protein crops or legume-based grasslands). 
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Figure 1 Biophysical components, k ey material flows and k ey ecosystem services i n an I ntegrated 
Crop-Livestock Sy stem. For illustration, the three sphe res and overlapping ar eas have similar 
dimensions. By varying their sizes and degrees of overlap, it is possible to represent the structure of a 
wide range of  crop-livestock systems. Interactions between the three spheres determine the delivery 
levels and resilience of key ecosystem services (large semi-circular arrows). One challenge of crop-
livestock integration is to drastically reduce input flows and emissions to the environment. 
2.1.3. Biodiversity approach for the development of ES
The c oncept of ES was developed and wide ly diff used through the Millennium Ec osystem 
Assessment (MEA, 2005). The nature of services rendered to human societies are most often 
classified a s provisioning -nutritional, mate rial a nd e nergetic output s from ecosystems-,
regulating -regulation of natural processes like erosion and pest control-, and cultural services 
– providing spirit ual, inspirational and e ducational experience. F ocusing on int eractions 
between ES and a griculture, Z hang e t al. (2007) and S winton et al. (2007) highlight that 
agriculture both provides and re ceives ES. Similarly, Le R oux e t al. (2008 ) categorize 
services into “input services” and “output services”. Input services correspond to regulating 
services (e.g., soil  fertility, biol ogical regulation) delivered to the fa rming s ystem that 
promote its natural productivity and enable it to depend less on marketed inputs (e.g., mineral 
fertilizers, pesticides) a nd irr igation wa ter. Output services include se rvices provided by 
agriculture to society. They correspond to provisioning, regulating and cultural services either 
marketed (e.g., c ash crops, milk) or not directly marketed (e.g., C  se questration, c ultural 
services). The three-sphere conceptual framework allows analyzing land use (on farms and in 
the landscape) and the key expected input ES: soil fertility and biological regulation of pests 
and diseases, and output ES (Fig. 1).  
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The nature and spatial distribution of crops, grasslands, animals and semi-natural 
habitats can be adapted to enhance beneficial associated biodiversity and increase the 
intensity of ES at field and landscape levels (De Groodt et al. 2010; Diaz et al. 2011; Kremen 
et al. 2012, Power 2010). Crucial features of TCLS to deliver ES include:  
 spatial pattern, crop-grassland sequences and grassland management (Franzluebbers et al. 
2014; Soussana and Lemaire, 2014) 
 proportion of crop rotations composed of legumes (Altieri 1999) or mixed (or multiple) crops 
such as cereal-legume mixtures (Gaba et al., 2014) 
 botanical composition of grasslands, in particular the proportion of legumes (Lemaire et al. 
2014) 
 grazed areas, including permanent grasslands, temporary grasslands in rotation, intercrops, or 
crop residues (Drinkwater, 2007; Soussana and Lemaire, 2014; Wardle 2004) 
 area and intensity of animal manure application to field crops (Diacono and Montemurro 
2010; Soussana and Lemaire, 2014) 
These features influence biodiversity levels and trophic chains above the soil (e.g., 
birds, insects) (Power 2010) and within the soil (e.g., earthworms, bacteria, and fungi) 
(Koohafkan et al. 2011), which determines soil fertility and biological regulations -control of 
weeds, pests and diseases (Ratnadass et al. 2012). C sequestration, water retention and erosion 
control also depend on these variables (Garbach et al., 2014).  
Regarding development of TCLS, main motivations of farmers may be to promote 
input services to reduce their dependence on marketed inputs (e.g. fertilizers and pesticides), 
with expected or unexpected positive side-effects on output services, especially regulation or 
cultural services. The great challenges for ES of developing CLS may thus be to develop soil 
fertility and beneficial biological regulations by developing of crop-livestock interactions.  
2.2. Social components and dynamics of crop-livestock integration   
2.2.1. The Territorial Crop-Livestock System as a social-
ecological system 
The development of a TCLS is based on promoting direct and indirect (via intermediaries) 
interactions between farms. These interactions depend on local resources: infrastructure, 
markets, institutions and social capital of people involved directly or indirectly in the 
functioning of this system. Accordingly, a TCLS encompasses all the complexity of a Social-
Ecological System (Cabell and Oelofse, 2012). In this Social-Ecological System, the social 
system influence how land is used and managed and then the nature of ES it delivers (Diaz et 
al. 2011; Schouten et al. 2012). As mentioned above, the two main types of ES at stake in 
TCLS are services from ecosystems to agriculture and from agriculture to society. 
Accordingly, for the social system, we distinguish society in general and the stakeholders 
directly involved in land use (Fig. 2). 
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Figure 2. I nteractions between soc ial and ecological sub systems in a Territorial C rop-Livestock 
System. Interactions between ag ricultural st akeholders determine land-use pr actices and in t urn 
ecosystem services delivered either to civil society or  to agriculture itself. Straight ar rows represent 
key interactions analyzed and designed in a territorial crop-livestock integration perspective. 
2.2.2. Social re sources a nd stakeho lder interactions in 
Territorial Crop-Livestock Systems
According to the nature of the TCLS, different actors may be involved. If the core objective is 
to exchange products, it could involve only farmers in direct exchanges or also supply chains 
in larger and more structured exchanges. If the core objective is to deal with natural-resource 
management issues (e.g., wa ter management a t the watershed level), it can involve a  wider 
range of  st akeholders. Local policy mak ers, involved in land-use and environmental issues, 
will also have to be considered in TCLS. Efficient and perennial technical and organizational 
changes result from these stakeholders coordinating rather than acting individually, since each 
stakeholder is connected to others (Klerkx et al. 2012; Moraine et al. 2014a).  
These changes mainl y concern technical management, knowle dge mana gement and 
social embeddedness of TCLS developed.  
When de veloping e xchanges of products and n ew activities, farmers may h ave to  
organize collective distribution of work, share investments in equipment or hiring workers, or 
use supply chains’ capacities for logistics as possible solutions to workload constraints 
experienced in livestock s ystems (Lemaire e t al., 2014) . The  c oordination re quired shoul d 
overcome constraints of transaction costs and m anagement complexity ( Duru and The rond, 
2014; Hendrickson et al. 2008; Horlings and Marsden 2011).  
Social exchanges among partners of the TCLS are crucial for sharing objectives, ideas, 
practices and experiences that would result in social learning (Houdart et al. 2011; Moraine et 
al. 2014a ; P oux et a l. 2 009). They are necessary to stre ngthen trust a nd acquaintanceship 
among farmers, and allow stakeholders from different professional worlds, such as specialized 
crop and livestock farmers, to work together and form “communities of practice” (Armitage et 
al. 2008; Newig et al. 2008; Pahl-Wostl and Hare 2004). The circulation of information could 
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also enhance the capacity to collectively adapt to changes in the social-ecological system 
(Biggs et al. 2012), e.g. organization of cropping plans and tactical adaptation to annual 
conditions. Connections between TCLS stakeholders could result in organizing farmer groups 
into associations or other institutions with affirmed autonomy and the ability to act and 
establish clear governance. The direct benefits of such exchanges, community practices and 
governance systems are potentially numerous, both socially and economically.  
Construction of local diversified markets for crop and livestock systems within territories 
could decrease the risk of income variability (Ryschawy et al., 2012; Vermersch, 2007). 
Livestock systems that require feed represent an alternative to selling crops in conventional 
markets and could mitigate a decrease in quality following a technical problem (e.g., fungal 
contamination) or meteorological event, as well as provide a market for by-products such as 
cereal bran. Organizing local exchanges between crop and livestock systems favors 
traceability of production and provides the opportunity to create local production labels and 
support direct sales (Pecqueur 2001). 
Development of TCLS may allow reallocating activities within a location as a function of 
the comparative advantages of activity/location pairs could increase investment profitability 
and resource-use efficiency (Wilkins 2008). For example, producing irrigated forage in areas 
with high agronomic potential, where water is available and accessible at low prices, and 
transferring it to livestock farms in the same territory that are not located in these zones could 
preclude the construction of expensive water reservoirs (Moraine et al. 2014b).  
Indirect benefits of TCLS can be expected regarding embeddedness of agriculture in the 
territory and integration in public policies. Land-use diversification resulting in diversified 
landscapes including grazing animals could promote tourism activities and improve the image 
of agriculture. New agricultural supply chains and activities could contribute to local 
economic dynamics. Public-policy support of TCLS development may be possible when it 
addresses local and/or global sustainability challenges by reducing use of synthetic inputs and 
natural resources. For example, in the European Union, the greening of the Common 
Agricultural Policy recommends diversity in crop patterns and maintaining a certain 
proportion of grasslands at the territory level. Local development policies could also support 
TCLS development through subsidies for collective investments. Furthermore, through 
lobbying, organization of TCLS stakeholders could facilitate their consideration in public 
policies, e.g. adapting laws to facilitate exchange of lands or diversify farm activities for 
cereal farmers hosting animals on their land (Moraine et al. 2014a). 
2.3. Multicriteria assessment of territorial crop-livestock systems 
 
Defining ecological and social subsystems, main components and processes of TCLS 
helped us develop a grid for ex-post multicriteria assessment of current TCLS or ex-ante 
assessment of those designed (Table 1). Analysis criteria were selected according to the object 
and recipients of assessment (Botreau et al. 2014; Caroff et al. 2012). The objects of 
assessment are crop-livestock interactions at the territory level. The recipients of assessment 
are local agricultural stakeholders interested in developing TCLS to address local 
sustainability issues, as well as researchers who wish to better understand the process, 
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benefits and limits of crop-livestock integration at the territory level. Policy-makers seeking to 
develop sustainable agricultural systems could be also recipients of this assessment. 
Logically, this multicriteria grid distinguishes ecological and social systems, main 
domains of crop-livestock integration, main processes and assessment criteria for each 
process. For the ecological system, it considers system metabolism (section 2.1.2) and ES 
(section 2.1.3). For the social system, it distinguishes technical management, knowledge 
management, economic performances and social embeddedness of TCLS (section 2.2.2). 
Based on the analysis of 12 case studies feedbacks for which a qualitative assessment was 
made (Moraine et al., 2014a), we have defined the most relevant criteria and indicators to 
investigate them. For each proposed criterion, Table 1 provides examples of action 
mechanisms to strengthen crop-livestock integration. The multicriteria grid is fundamentally 
generic and adaptable. It should be adapted to the TCLS development context, especially for 
local sustainability issues (see section 3.3). This grid highlights the diverse issues considered 
when designing TCLS.   
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Table 1: Biophysical and social processes and associated criteria of crop-livestock integration 
and the resources required for improvement. 
 
Subsystems Domains Processes Criteria Crop-livestock integration action mechanisms 
Ecological 
system 
System 
metabolism 
Nutrient 
cycling 
Balance of N inputs/outputs  
Balance of N sinks (cereal crops, animal protein feed) 
and sources (legume crops, grasslands with legumes, 
animal waste) 
Balance of C inputs/outputs  
Balance of C sinks (animal feed) and sources (cereal 
straws, grain, grasslands) 
Ecosystem 
services to 
agriculture 
Soil fertility 
maintenance 
Organic manure application 
Grazing of grasslands 
Grazing of crop residues 
Grazing of immature cereals  
Manure spreading on fields 
Symbiotic N fixation 
Legume crops 
Grasslands with legumes 
Biological 
regulation 
Diversity of crops at the field 
level 
Long and diversified crop rotations 
Crop associations 
Diversified grasslands 
Diversity of land use at the 
landscape level 
Distribution of grasslands in a landscape     
Diversification of crop patterns 
Social 
system 
Technical 
management 
Work 
management 
Workload 
Work quality 
Use of supply-chain capacities for transport, storage or 
processing of exchanged products                                
Collective organization and banks of work                                      
Collective investments to hire workers or equipment                         
Knowledge 
management 
Social 
learning and 
capacity 
building 
Active participation of 
partners 
Groups for debate and decision                 
Analysis of farming-system resources and limits to find 
complementarities 
Autonomy of farmers 
Institutionalization of groups, organization into 
associations 
Knowledge capitalization Exchange of practices and trials 
Adaptive capacity 
Strategic planning and tactical adaptation to annual 
conditions 
Economic 
performances 
Economic 
viability 
Resilience to biophysical and 
economic risks 
Diversification of production, supply and commercial 
outlets                            
Production systems independent of external inputs                                        
Long-run contracts between farmers with clear price 
conditions  
Added value of products 
Development of labels for local-origin products                                             
Direct sales and collective commercialization                                 
Get added value from co-products 
Social 
embeddedness 
Embeddedness 
of agriculture 
in the territory 
Social acceptability of 
agriculture  
Development of diversified landscapes including grazing 
animals 
Contribution to local 
economic dynamism 
Tourism activities linked to landscape quality                                                  
Development of local supply chains and new activities  
Integration in 
public policies 
Contribution to local and 
global sustainability issues 
Reduction in use of non-renewable resources                                                        
Reduction in use of pesticides and mineral fertilizers 
Support of public policies 
Subsidies for collective infrastructure or development of 
new activities 
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3. Use of the conceptual framework for analysis and 
participatory design of crop-livestock systems 
3.1. Principles 
Analyzing and designing territorial CLS that are adapted to local or global challenges requires 
accounting for the complex constraints that arise on farms and in the territory (Voinov and 
Bousquet 2010). Intermediary objects (Cutts et al. 2011), such as our conceptual framework, 
can help participants involved in the design process decipher this complexity (Steyaert and 
Jiggins 2007). As highlighted by Ten Napel et al. (2011), a conceptual model of objects under 
design stimulates innovative ideas and facilitates articulation of different visions and 
understandings among multiple stakeholders. 
 Participatory-design methods for agricultural systems are often organized into three 
key steps (Martin et al. 2012a). The first step specifies the problem, i.e. describes current 
system functioning and associated multi-domain issues (Blom-Zandstra and van Keulen 
2008). The second step entails designing new systems. Stakeholders most often express their 
ideas for change by describing options at different organizational levels relative to the current 
situation (e.g., changes in land use, work management or outlets). Both steps can use a 
conceptual model (Moraine et al., 2014a) to represent the current situation and possible 
options for change using e.g. cognitive maps at the farm (Vanwindekens et al. 2013) or 
territory level (Etienne, 2010). The third step, based on a multicriteria assessment, identifies 
options that seem most relevant to stakeholders and helps find compromises among different 
objectives (Botreau et al. 2014; Lovell et al. 2010).  
 Our conceptual framework is designed to support these three design steps. It has been 
used successfully in eight European case studies to support collective design of crop-livestock 
systems at the territory level (Moraine et al. 2014a). Its representation of land use at territory 
and farm levels helped stakeholders define functional complementarities between crops, 
animals and grasslands. It allowed agricultural stakeholders to objectify risks and possible 
difficulties and reassured farmers about the benefits of crop-livestock integration. It supported 
identification and characterization of possible changes and acceptable degrees of change 
among the components of the CLS. The use of the conceptual framework in these European 
case studies demonstrates its utility for generating innovative ideas and systemic design 
through multi-domain and multi-level options for change. It highlighted the importance of 
actor coordination and the back-and-forth dynamics that reinforce the options of crop-
livestock integration. 
3.2. Analyzing diversity of crop-livestock systems 
Our conceptual framework can be used to analyze the diversity of crop-livestock systems and 
identify key metabolisms, ES and social issues. As illustration, we present a generic 
representation of four crop-livestock system archetypes, distinguished according to the degree 
of spatial and temporal coordination between crop and livestock production or farming 
systems and the level (farm vs. territory) at which they are managed (Fig. 3): 
  Type 1: exchange of materials (grain, forage, straw, manure, etc.) between specialized farms, 
regulated by the market, in a rationale of “coexistence”. The issues of price and income 
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stabilization may require the use of contracts. This type of spatially segregated coordination 
strongly limits expression of ecological benefits of crop-livestock integration. 
 Type 2: exchange of materials between spheres in a rationale of “complementarity” at the 
farm or territory level. Crop systems are designed to produce the quantity and quality of crop 
products required for  li vestock pr oduction (in concentrates, forage, stra w, etc.) a nd to use 
livestock manure a s fertilizer. This t ype of  c oordination, in which th ere is little spatial 
interaction among the three spheres, could enhance the metabolism of farming s ystems and 
input services. They require coordination between stakeholders, from opportunistic exchanges 
to long-term engagements. 
 Type 3: stronger temporal and spatia l interaction among the three sphe res in a ra tionale of 
“farm-level synergy”: stubble grazing, sacrifice grazing, tempo rary grasslands in rotations, 
and intercropped forages. The farming system is designed to reduce input use by enhancing a 
wide range of ES at the local scale. 
 Type 4: stronger temporal and spatial interaction among the three spheres in a CLS targeting 
“territory-level synergy”. Strong stakeholder coordination optimizes resource allocation and 
creates local diversified marketing c hains that are a dapted to specific c haracteristics of th e 
territory. In a ddition, methods for  shar ing wor k a nd ne tworks for learning a nd e xchanging 
experiences are established. Exchanges within and between farms are organized to decrease 
input use and benefit farm-to-landscape level ES. 
Figure 3: A generic typology of forms of crop-livestock integration according to their levels of 
temporal and spatial interaction. Each type has an illustrative name, and key drivers of integration 
necessary to pass from one type to another are noted. 
  
The fir st two t ypes are the most c ommon in intensive agricultural areas such as 
Western Eur ope, wh ere sustainability iss ues re quire re considering thes e pr oduction models 
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(Hill 1998; Horling and Marsden 2011). Identifying trade-offs between TCLS objectives 
could help in discussing and ranking their importance to relevant stakeholders. For example, 
from Type 1 (co-existence) to Type 4 (territory-level synergy), a trade-off exists between 
management complexity and the ES delivered.  Other trade-offs might be identified among 
ES (Rodriguez-Ortegua et al. 2014; Sabatier et al. 2013). Collective evaluation and ranking is 
essential to guarantee transparency and thus increase acceptability of newly developed 
systems. 
Most agricultural production systems in developed countries can be included in the 
typology. Confined livestock production based on external inputs and without crops or 
grassland, and field-crop systems without livestock can only be part of Type 1 “coexistence”. 
Diversified systems, such as forage-based livestock systems or grassland-based systems with 
small areas suitable for field crops can belong either to Type 2 or 3 depending on land-use 
diversity over time. As in Bell and Moore’s (2012) typology, crops and grasslands can be 
either segregated or rotated, and grazing may or may not occur. Segregated crops and 
grasslands without grazing fit within the pure-complementarity rationale of Type 2. Rotated 
crops and grasslands with grazing may offer greater opportunity for synergistic effects to 
deliver biological regulation and soil fertility ES, as illustrated in Type 3. Large CLS 
involving multiple farm types would offer even more opportunities to organize spatial and 
temporal diversity and flows. Since few examples actually exist (Moraine et al. 2014a), we 
examine a potential archetypal ICLS of Type 4. This ICLS typology is useful as an 
intermediary object to explicitly discuss advantages and issues of crop-livestock integration in 
different contexts and how to address and achieve these issues. 
3.3. Designing territorial crop-livestock systems 
To demonstrate how our conceptual framework can stimulate and support the design of 
TCLS, we describe a diagnosis-design-assessment approach implemented in southwestern 
France. This study aimed to design a TCLS in the Aveyron River watershed (1560 km2) based 
on exchanges between specialized field-crop farms and intensive livestock (mainly beef and 
dairy) farms located in downstream and upstream portions of the watershed, respectively 
(details in Moraine et al.,2014b). This study was implemented to guide local stakeholder of 
whether TCLS could deal with severe recurrent water shortages on irrigated farms located 
downstream and the economic and environmental issues of downstream and upstream farms. 
The approach was implemented in three workshops involving stakeholders who represented 
four positions of interest: (i) public-asset management (rural development and natural-
resource management agents); (ii) economic feasibility (supply chains); (iii) landscape, 
environment and life quality (representatives of water management institutions, nature 
conservation institutions and environmental associations); and (iv) technical and 
organizational consistency (farmers and technical advisors). 
The first workshop focused on describing current farming systems and their main issues 
(natural-resource management, biodiversity conservation, economics, work, etc.). 
Stakeholders described the dynamics of farming-system intensification and, using our 
conceptual framework, their effects on land use, metabolism and ES of farming systems in the 
two areas. For the upstream area, they explained that livestock systems based on silage maize 
increased herd sizes and led to progressive abandonment of less productive grasslands and a 
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strong dependency on imported soybean, cereals and complementary forage (e.g., hay) (Fig. 
4a). The liberalization of milk quotas continues to encourage this trend. These feed imports 
expose farmers to fluctuations in regional and global agricultural markets. For the 
downstream area, rainfed (wheat-sunflower rotation) and irrigated (maize monoculture) 
intensive cropping systems cause severe soil erosion. Soil chemical, physical and biological 
fertility declined on almost every farm due to intensive cropping practices. These farming 
systems are highly productive and profitable in the short term, but their sustainability is 
limited due to massive use of inputs (fertilizers and pesticides) and water, resulting in water 
pollution and scarcity. Stakeholders explained that few spatial interactions occur between 
animals, grasslands and crops on most livestock farms (Type 2). They emphasized that 
currently few exchanges occur between downstream and upstream farms since they are 
connected to regional and global markets through supply-chain organizations (Type 1). 
The second workshop aimed to identify “in-the-pipeline” options for change (i.e., 
already implemented, but on few farms) and innovative options (not already implemented in 
the territory). It identified innovative practices and targeted which farming systems could 
implement these practices to manage the sustainability issues identified during the first 
workshop. Our conceptual framework was used to stimulate thinking and organize ideas for 
developing a TCLS. Stakeholders suggested introducing protein crops and temporary legume-
based grasslands in crop rotations in the downstream area to feed upstream livestock systems 
and reduce pesticide and fertilizer use in downstream farming systems (Fig. 4b). By 
diversifying maize monocultures (e.g., alfalfa in rotation with maize and irrigated only when 
water is available), these changes would also reduce irrigation-water withdrawals and water-
deficit problems. They emphasized that such cropping system diversification requires changes 
in governance, mainly the involvement of supply chains, to resolve technical issues (e.g., 
alfalfa harvesting and drying) and market issues, i.e. developing a stable crop-livestock 
market that meets the needs of both types of farms. Stakeholders considered that offering 
suitable fodder and grains from downstream to upstream livestock systems might enable the 
latter to reconsider land use by either limiting replacement of grasslands with maize or 
replacing maize on less-suitable soils with grasslands. Another proposal was to produce 
biogas with upstream animal waste and use biogas residue to fertilize crops upstream. This 
option by itself could recruit other waste providers to ensure continued biogas production 
over time. In using our conceptual framework, stakeholders shared their needs for technical 
learning (e.g., to manage new crops, feeds and residues) and coordination among them. They 
also highlighted the importance of connecting multiple small projects to develop a consistent 
agricultural-development project at the territory level. 
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Figure 4: Overview of the current situation and options for change for integration of crop and livestock 
systems in the Aveyron River watershed (southwestern France). Arrows represent inputs and outputs 
of sy stems. The size of the three sp heres ( Animals, G rasslands, Crops) an d ar rows represent the 
importance of ea ch. Overlapping ar eas b etween spheres represent levels of  spa tial interactions 
between them. In the options for change designed, introduction of legume-based forage in downstream 
crop rotations reduces chemical inputs and water use, and produces legume-based fodder that can be 
sold to ups tream l ivestock sy stems. Upstream, ani mal w aste can b e used to pr oduce biogas an d 
residues are used to f ertilize crops upstream or  dow nstream ( not r epresented). Implementing t hese 
options for change requires extensive modification to the local governance of agricultural systems. 
In the third workshop, we used the multicriteria analysis grid to assess impacts of options 
for change and compare them to those of the current situation a t farm and landscape levels 
(Table 1). P articipants were a sked to rate criteria qualitatively, a nd discussi on followe d to  
reach consensus on a final rating, with variability possible when consensus was not reached. 
According to stakeholders, most criteria improved in the TCLS designed. (see Supplementary 
Material 1 for the complete multicriteria analysis of the TCLS). Particular advantages of the 
TCLS we re e xpressed for  nutrie nt cycling, soil -fertility mainten ance a nd biol ogical 
regulation. Positive impacts were estimated for resilience to biophysical and economic risks, 
added value of products, social learning and capacity building, embeddedness of agriculture 
in the territory and integration in public policies. The TCLS designed was rated neutral for 
workload and diff iculty, pa rtner participation a nd fa rmer autonomy. Only  organic manur e 
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application was considered of lower quality in the TCLS, because biogas residues were 
considered less beneficial for soils than fresh manure.  
To strengthen credibility of the TCLS designed and promote concrete changes in farming 
systems, further quantitative assessment is necessary, either by simulation with computer 
models or by on-farm trials of new practices. Social performances, dynamics of knowledge 
exchange, and development of new activities are difficult to simulate or test at a small scale, 
but could be implemented progressively with appropriate facilitation and farmer participation. 
4. Conclusion 
Integrated crop-livestock systems have experienced renewed interest as a potential way to 
address challenges of resource depletion and negative impacts of agriculture in cropping and 
livestock systems. Since the literature focused essentially on field and farm levels, we 
developed a conceptual framework that can assist stakeholders in designing CLS at the 
territory level. It clearly analyzes current crop-livestock interactions and specifies new ones at 
the territory level to significantly improve farming-system metabolism and the provision of 
specific ES. However, increasing crop-livestock integration renders agricultural systems more 
complex. Enhancing ES requires managing both the circularity of material flows (e.g., forage, 
nutrients, and energy) and the spatial and temporal organization of agricultural practices at the 
territory level. This increased complexity requires developing adapted governance based on 
participation and social learning. This coordination of stakeholders determines the 
acceptability and final implementation of a TCLS. 
Considering crop-livestock integration as an object of design is in itself innovative. For many 
stakeholders, TCLS may or may not exist, but they are not a subject of design like cropping 
systems are. Our approach focuses on key processes that determine the sustainability of crop-
livestock systems and introduces the territory level to enable complementarities and synergies 
between activities. Designing land-use and management practices to intensify these ecological 
processes requires changing the scale and objects of reflection, first for farmers, but also for 
the technical advisors and other stakeholders, including researchers, involved from various 
disciplines. In this sense, our conceptual framework acts as an intermediary object to 
stimulate and structure analysis of the issues, develop a portfolio of proposed options for 
change at farm and territory levels and combine them to design an entire TCLS. Overall, the 
purpose of this design process is to support interactions between stakeholders to foster 
collective decisions and governance within a social-ecological system.  
Further research that performs and evaluates design processes with stakeholders is necessary. 
Analyzing the constitution of stakeholders’ groups, the reasons for their involvement, and the 
type of TCLS they conceive would provide a rich picture of possible futures for diversified 
and resilient agricultural systems. A subsequent step, such as participatory design processes, 
could be expanded with computer-based models to quantify fluxes of raw materials and 
nutrients. This would complement multicriteria analysis assessing potential effects of the 
options for change. Assessment results enable identification of trade-offs, expression of 
stakeholders’ preferences and discussion about uncertainties. 
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Synthèse du chapitre 3  
 
L’intégration culture - élevage à l’échelle du territoire représente une opportunité pour 
réorganiser les systèmes de production afin d’améliorer leur fonctionnement métabolique et 
ainsi de réduire les intrants. En renforçant les interactions spatio-temporelles entre culture, 
animal et prairies, les systèmes culture - élevage peuvent permettre de fournir une large 
gamme de services écosystémiques, en premier lieu le maintien de la fertilité des sols et les 
régulations biologiques de la parcelle au paysage. Cette réorganisation des systèmes de 
production nécessite des coordinations entre agriculteurs, acteurs des filières  et des politiques 
publiques, ouvrant des opportunités de développement d’économies de gamme, de 
dynamiques d’apprentissage, d’action collective et de mise en place de nouvelles filières.  
Le cadre conceptuel de l’intégration culture – élevage à l’échelle du territoire présenté ici 
permet d’identifier les domaines d’intérêt, les éléments des systèmes écologiques et sociaux et 
les processus en jeu. Le modèle trois sphères Cultures-Animaux-Prairies permet de 
représenter, catégoriser et repenser des formes d’intégration culture - élevage à différentes 
échelles. La grille d’évaluation multicritère associée à ce cadre conceptuel permet de conduire 
une évaluation intégrée de scénarios de changement de pratiques.  
Ces outils servent d’objets intermédiaires dans les dispositifs de conception participative mis 
en œuvre par la suite.  
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Conclusion de la partie 1:  
 
L’intégration culture – élevage à l’échelle du territoire représente une opportunité pour 
réorganiser les systèmes de production en améliorant leur fonctionnement métabolique en vue 
de réduire les intrants. En renforçant les interactions spatio-temporelles entre culture, animal 
et prairies, les systèmes culture – élevage peuvent permettre de fournir une large gamme de 
services écosystémiques, en premier lieu ceux liés à la durabilité des systèmes de production : 
maintien de la fertilité des sols, régulation biologique à l’échelle locale et du paysage. Cette 
réorganisation des systèmes de production nécessite des coordinations entre acteurs locaux, 
ouvrant des opportunités le développement d’économies de gamme, de dynamiques 
d’apprentissage et d’action collective, de mise en place de nouvelles filières.  
La caractérisation de l’intégration culture – élevage passe par l’identification des domaines 
d’intérêt, des processus et des éléments des systèmes écologiques et sociaux concernés. Le 
modèle simple en trois sphères permet de représenter, classifier et repenser des formes 
d’intégration culture – élevage à différentes échelles. Le cadre conceptuel multi-niveaux et 
multi-domaines présente les domaines généraux de l’intégration culture – élevage et peut être 
décliné en leviers d’action ou en grille d’indicateurs pour évaluer des scénarios de systèmes 
culture – élevage. Il constitue un objet intermédiaire pour la conception et l’évaluation des 
systèmes avec les acteurs clés.  
La revue présentée dans le chapitre 2 a permis de mettre en évidence l’intérêt de l’intégration 
culture élevage dans une perspective d’écologisation des systèmes de production. Il soulève 
aussi les défis méthodologiques pour développer des outils et modèles supportant la 
conception de formes d’intégration entre exploitations et donne ainsi les directions à explorer. 
Dans le chapitre 3, je propose un modèle conceptuel de l’intégration culture – élevage, 
pouvant être décliné en outils quantitatifs ou qualitatifs selon les connaissances disponibles, 
mais qui dans tous les cas permet d’organiser la pensée et d’ouvrir le champ des possibles 
pour la conception dans des dispositifs de terrain.  
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Partie 2 : Conception participative de systèmes 
culture – élevage à l’échelle territoire : cas d’étude 
 
 
 
 
 
« L’utopie, ce n’est pas l’irréalisable, mais l’irréalisé »  
Théodore Monod 
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Chapitre 4 : Analyse de cas d’étude de conception à 
différentes échelles de systèmes culture - élevage en 
Europe 
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Abstract  
The development of integrated crop-livestock systems (ICLS) is a major challenge for the ecological 
modernisation of agriculture but appears difficult to implement at a large scale. A participatory 
method for ICLS design has been developed and implemented in 15 case studies across Europe, 
representing a range of production systems, challenges, constraints and resources for innovation. Local 
stakeholders, primarily farmers, but also cooperatives, environmental-association representatives and 
natural-resource managers, were involved in the identification of challenges and existing initiatives of 
crop-livestock integration; in the design of new options at field, farm and territory levels; and then in 
qualitative multicriteria assessment of these options. A conceptual framework based on a conceptual 
model (Crops, Grasslands, Animals) was developed to act as a boundary object in the design step and 
invite innovative thinking in “metabolic” and “ecosystemic” approaches. A diversity of crops and 
grasslands interacting with animals appeared central for designing sustainable farming systems at the 
territory level, providing and benefitting from ecosystem services. Within this diversity, we define 
three types of integrated systems according to their degrees of spatial and temporal coordination: 
complementarity, local synergy, territorial synergy. Moreover, the options for cooperation and 
collective organisation between farmers and other stakeholders in territories to organise and manage 
this diversity of land use revealed opportunities for smart social innovation. The qualitative 
multicriteria assessment identified farmer workload as the main issue of concern while demonstrating 
expected benefits of ICLS simultaneously for economic, agronomic, environmental and social criteria. 
This study concludes that participatory design of ICLS based on a generic multi-level and multi-
domain framework and a methodology to deal with a local context can identify new systems to be 
tested. Further assessment and redesign work will be performed in later stages of the European FP7 
CANTOGETHER project.  
Keywords: crop-livestock integration, participatory design, diversity, self-sufficiency.  
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Implications 
Specialisation of farming systems can lead to environmental harm: overconsumption of natural 
resources for synthetic-input production, nitrate pollution and greenhouse gas emissions. Crop-
livestock integration may represent a model of sustainable farming according to principles of nutrient 
recycling and efficient use of land and resources. To cope with organisational constraints and 
economic viability, crop-livestock systems should be designed with local stakeholders. Implementing 
our participatory design methodology in different contexts could contribute to the development of 
pilot crop-livestock systems and the diffusion of technical practices, farm organisation and stakeholder 
coordination to be developed. 
Introduction  
Agricultural production in Europe is mainly provided by intensive, high-production farming 
systems using large amounts of synthetic inputs (Peyraud et al., 2014). This agriculture is 
characterised by simplification and standardisation of production techniques and 
homogenisation of crop and livestock breeds and rural landscapes. It allowed a massive 
increase in agricultural production due to gains in labour productivity. The search for 
economy of scale and expression of comparative advantages (e.g. soil fertility, climate, labour 
costs) led to the specialisation of farms and regions within countries (e.g. dairy farms in 
Brittany for France) or between countries (e.g. European countries importing South American 
soybeans as animal feed). This specialisation trend has often led, in Europe, to geographical 
separation of cropping systems and livestock systems and development of livestock systems 
with little or no connection to local agricultural resources (Peyraud et al., 2014). At the same 
time, negative effects of intensive agriculture on biodiversity, ecosystems (MEA, 2005), 
climate change and water quality have become increasingly apparent (Stoate et al., 2001). 
Since the 1990s, many studies (e.g. Russelle et al., 2007; Hendrickson et al., 2008) have listed 
the benefits of crop-livestock systems of better exploiting the resources of specific 
biophysical conditions. Nutrient cycling and soil fertility can be improved at field and farm 
levels by animal-waste recycling and by including grasslands in field-crop systems 
(Ryschawy et al., 2012). Moreover, diversification of production may reduce economic risks 
(Wilkins, 2008).  
Nevertheless, mixed farms continue to decline (Franzluebbers et al., 2013), especially in 
Europe due to greater complexity in management (Peyraud et al., 2014), workload constraints 
(e.g. need for daily presence for milking or calving), and economic factors such as the high 
price of cereals. On the other hand, it is often difficult to envision livestock returning to farms 
from which they have disappeared (Wilkins, 2008). 
Recently, three main changes occurred in the policy and technological contexts, inviting 
stakeholders (e.g. policy-makers) to reconsider pathways for better integration of crops and 
animals. The first change is the increasing pressure upon non-renewable resources 
(Rockström et al., 2009) and their consideration in public policies. The second is the 
emergence of new technologies for recycling nutrients or producing energy (e.g. biogas). The 
third is the progress of knowledge on the possibility to provide ecosystem services through 
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management of biodiversity (e.g. biological regulation, fertility, carbon storage, water 
filtration) (Power, 2010). Taking these new political, technological and cognitive contexts 
into account, two broad approaches to design pathways for developing innovative agricultural 
systems have evolved. The first approach is research-led, based mainly on the use of 
simulation models to explore innovative practices (Martin et al., 2012a). The main limitation 
of such design approaches is that the problems and questions are most often predetermined 
and do not really consider social context or non-scientific knowledge (Voinov and Bousquet, 
2010). To deal with this limitation, other approaches rely on the strong involvement of 
various stakeholders (e.g. farmers, advisors, consumers) in the design process. They consider 
local and specific constraints and objectives and use a collective intelligence as a source of 
innovative ideas (Elzen and Spoelstra, 2010; Meynard et al., 2012).  
The European FP7 CANTOGETHER project aims to design mixed farming system that “will 
combine agronomic practices (e.g. crop rotations) and livestock practices (e.g. breed 
selection) into novel mixed farming systems ranging from easy-to-adopt combinations of 
methods to more ambitious solutions involving strategic changes at farm and district level. 
The two methodological pillars of the project are (i) co-design of Integrated Crop-Livestock 
Systems (ICLS) in case studies (CS) representing a wide range of socio-economic and 
environmental contexts and (ii) model-based assessment of these ICLS. In a first phase, 
CANTOGETHER aims to develop a participatory design methodology to be implemented in 
CS. Development of this methodology required clarifying the concept of innovation. 
“Exploitative” innovations correspond to practices which can be observed and for which 
enough cases exist to build some references. Alternatively, “explorative” innovations can be 
defined as practices of real pioneers or unachieved ideas (Jansen et al., 2006). Hill and 
MacRae (1995) propose a classification of innovation according the degree of change in the 
farming system through their “efficiency-substitution-redesign” framework. An increase in 
input-use efficiency or input substitution most often represents exploitative innovation. The 
redesign of farming systems corresponds to explorative innovation. The CANTOGETHER 
design methodology targets the identification of exploitative innovations and the emergence 
of explorative innovations. 
This paper presents the design process in the CS of CANTOGETHER. After presentation of 
the participatory design methodology, we provide a general overview of the diversity of 
innovative options designed in all CS and a more detailed description of three contrasting CS. 
We then present the main issues that arose from the ex ante assessment of innovation ideas. 
Finally, we examine the methodological issues and the generality of results. 
Material and method 
The CANTOGETHER project is based on 24 CS investigating different types and levels of 
crop-livestock integration. To allow the research teams responsible for each CS to implement 
the design methodology, a “light-design methodology” was developed. It requires low 
investment in time and skills for participatory design. It is equipped with a conceptual 
framework, to stimulate ideas and structure CS description, and operational guidelines 
(Moraine et al., 2013). The conceptual framework supports the analysis of innovative options 
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at the different levels at which integration can occur: field, farm and territory. Here “territory” 
corresponds to the geographical level, the rural area, at which social interactions between 
farmers and other stakeholders determine the spatial allocation of socio-economic activities 
and land uses within agricultural landscapes (Lardon et al., 2012). The design methodology 
relies on three workshops (WS) in which stakeholders interact in a “collaborative mode” 
(Barreteau et al., 2010).  
 
Conceptual framework of crop-livestock integration  
The conceptual framework developed to analyse and design ICLS explicitly distinguishes the 
metabolic functioning (inputs and outputs of nutrients and energy) and ecosystem services of 
farming systems, which are two types of improvement mechanisms, and the socio-economic 
coordination between stakeholders necessary to initiate or modify them (Green and Vergragt, 
2002). Crop-livestock integration is seen as a socio-ecological system (Ostrom, 2009) 
combining biotechnical and social innovations.  The ecological system (land, soil, climate, 
plant and animal species and populations) is represented with three components: Animals, 
Grasslands, and Crops. Animals represent groups of animals (e.g. species, breeds, age 
groups), while Crops (cash crops, forage crops) and Grasslands (cut/grazed, 
permanent/rotated) represent a range of species or species mixtures. The three components are 
interconnected to differing degrees. Direct interactions occur in space, either simultaneously 
(e.g. grasslands grazed by animals) or over time in the form of a sequence (e.g. grasslands in 
rotation with crops). Indirect interactions correspond to flows of material (e.g. manure) or 
energy. By varying the size and degree of overlap of the three components, it is possible to 
represent the structure of a wide range of crop-livestock systems. In line with Dumont et al. 
(2013) and Bonaudo et al. (2013), we consider that the development of ICLS requires a 
simultaneous increase in input-use efficiency and improvement of biodiversity to supply 
ecosystem services. To reach both objectives, farming systems should improve metabolic and 
ecosystem functioning. These two approaches are explored in the design process. 
The metabolic approach is based on principles of industrial ecology: recycling matter and 
energy to decrease inputs, waste and pollution. This approach aims to increase system self-
sufficiency and resource-use efficiency (e.g. using animal waste as fertiliser for grasslands or 
crops).  
The ecosystemic approach aims to design agricultural practices that modify agroecosystem 
properties, which in turn improve ecological processes and ultimately the ecosystem services 
provided (De Groot et al., 2010). Using the typology of Zhang et al. (2007) adapted from 
MEA (2005), we identify three key types of ecosystem services for crop-livestock integration: 
(i) provisioning services, in particular production of animal (milk, meat) and plant products 
(grain, fibre, biomass); (ii) supporting services, in particular, soil fertility and nutrient cycling; 
and (iii) regulating services, in particular pest regulation at field and landscape level and 
carbon storage. 
In our conceptual framework, the social system (human societies, economic activities, 
institutions and social groups) includes a variety of stakeholders, primarily farmers, but also 
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agri-food chains, advisory services (e.g. chambers of agriculture, management consulting 
centres) and public policy agents, such as those in charge of natural resources.  
The hypothesis underpinning our participatory design methodology is that farming practices 
evolve with the social dynamics of coordination and collective learning (e.g. within agri-food 
chains or farmer collectives), and that synergies can be found through co-building of ideas 
and knowledge. More specifically, the level of crop-livestock integration is influenced by 
positive interactions (coordination, exchanges and social networks) or negative interactions 
(e.g. conflicts over use) between stakeholders. “Organisational” innovations are thus crucial 
to make crop-livestock integration effective, to deal with issues such as livestock-farm 
workload, commercialisation of products, or local governance. We define organisational 
innovation as all changes in the organisation of work, agri-food chains, information sharing 
and collective actions implemented to support or regulate land use and management. 
 
Typology of integrated crop-livestock systems 
To analyse the nature and level of crop-livestock integration at farm and local levels, a 
generic and simplified typology of crop-livestock systems was developed. It is based on the 
work of Bell and Moore (2012), inspired by Sumberg (2003). Whereas Bell and Moore 
analyse the structure of crop-livestock systems and their interactions in space (co-located vs. 
segregated) and time (synchronised vs. rotated), we use the concept of “functional integrity” 
defined and used by Bonaudo et al. (2013) as “the management of metabolic and immune 
functions to boost the production function with minimal external inputs”. We identify four 
types of crop-livestock integration based on the level of diversity and synergies between 
elements. 
Type 1: exchange of materials (e.g. grain, forage, straw, waste as organic fertiliser) between 
specialised farms, regulated by the market, in a rationale of “coexistence”. 
Type 2: exchange of materials between spheres in a rationale of “complementarity” at the 
farm if not territorial level. Crop systems are designed to meet the needs of livestock 
enterprises (need for concentrates, raw forages and straw) and livestock waste to fertilize 
arable plots.  
Type 3: increased temporal and spatial interaction among the three spheres in a rationale of 
“farm-level synergy”: stubble grazing, temporary grasslands in rotations, intercropped 
forages. A high level of diversity in farm components is targeted to enhance regulating 
services.  
Type 4: increased temporal and spatial interaction among the three spheres in a rationale of 
“territory-level synergy”: organisation optimises resource allocations, knowledge sharing and 
cooperation, including work.  
Types 1 and 2 focus on improving metabolic properties of farming systems, while types 3 and 
4 focus on using ecosystem services to regulate pests and increase soil fertility. 
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Case Study characteristics 
The CANTOGETHER project is based on CS supervised by researchers called “CS leaders”. 
Fifteen CS leaders agreed to implement the participatory design methodology presented in the 
following section. 
A summary of characteristics of these CS is presented in Supplementary Table S1. Seven 
farm-level CS explored technical and organisational adaptations in a single farm, whereas 
eight territory-level CS focused on complementarities between farms and the forms of their 
interactions and coordination.  
This 15 CS are spread over a wide diversity of European soil and climate contexts: northern 
areas (Netherlands, Germany, Switzerland, north-eastern France, with contrasting seasons and 
cold winters), central areas (United Kingdom, north-western France, northern Italy, with good 
conditions for farming throughout the year and year-round water availability) and southern 
areas (Spain, southern France, with difficult conditions due to water scarcity and higher 
sensitivity to climate change).  
 
Light-design methodology  
Participatory light-design methodology based on WS with local stakeholders aims to design 
options for crop-livestock integration that they judge to be relevant and interesting for dealing 
with local issues. These WS are based on structured exchanges between local stakeholders 
invited by CS leaders through three steps: context setting, brainstorming of options of change, 
ex ante assessment. 
In the first WS, a multi-stakeholder participatory approach (Hemmati, 2002) was used to 
identify the local or regional context, challenges and issues of CS and the current dynamics of 
farming systems. Participants were recruited to represent four perspectives: public asset 
management (agents involved in rural planning, agricultural development or water-resource 
management); feasibility (farmers, agents of cooperatives, supply chains); landscape and 
environment (civil society, representatives of nature conservation associations or natural 
parks); and the systemic approach (farming-system experts). During WS 1, participants 
developed a view about the wider political and natural environment and the organisation and 
technical and business orientations of farms. WS 1 outputs fed into the steps 2 and 3 to allow 
options of change identified to be placed in the context of local challenges. 
In the WS 2, a card-sorting method (Spencer, 2009) was used to identify options of change for 
mixed farming systems. Participants (up to ten, to expand ideas) were technical experts, 
mostly farmers and advisors. The conceptual model developed above was used to help 
participants design options of crop-livestock integration to improve the metabolic functioning 
and ecosystemic services delivered by the level investigated (farm or territory). As in classical 
card-sorting approaches, participant ideas were presented, sorted into operational categories, 
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discussed and then selected or rejected as promising options. In some CS the options were 
articulated in scenarios of evolution of farming systems and territories in a prospective vision. 
Participants of the WS 3 were the same as those in WS 2. The most promising options for 
change from WS2 were qualitatively assessed by stakeholders using a multicriteria 
assessment grid available in Moraine et al. (2013). On the basis of their experience and 
knowledge, participants provided their expectations of the impact of the option assessed for 
each criterion in a qualitative way (from strong positive to strong negative effect). Participants 
are considered experts projecting their own vision of strengths and weaknesses of the options. 
Controversial points are collectively discussed to identify why the assessment of options 
varies and the different points of view. 
Results 
Implementation of the light-design methodology in fifteen voluntary CS produced 
information about crop-livestock systems across Europe. We first present an overview of 
challenges and issues defined in CS, then three CS are detailed. Finally, we present the 
multicriteria assessments of options.  
Challenges and issues of crop-livestock integration  
WS participants discussed crop-livestock integration in the context of their own country and 
territory and identified key constraints to the adoption of ICLS. The following were common 
to all participating CS.  
Climate and soil/land constraints do not allow the coexistence of diverse farming activities in 
some areas. Distances between arable cropping and livestock production may result in too 
high transport costs and too much logistical organisation.  
Small farms selling their products in long supply chains in globalised markets need to 
concentrate and specialise their production to stay competitive. Sufficient investment capacity 
and labour force are often not available for diversification. For these kinds of market-oriented 
systems, integration could occur much more at the territorial level. 
Modern livestock and crop breeds have been developed for specialised systems. New 
selection criteria and research efforts should be made to equip ICLS (e.g. robust dairy cows 
capable of utilising grass, crop stubbles). 
There is a perceived lack of knowledge of mixed farming systems management, benefits and 
costs. The enhancement of ecosystem services and their monitoring is often perceived as 
uncertain. 
The workload in mixed farming systems was perceived to be significantly higher. With labour 
often the greatest cost on farms, the aim is usually to simplify farming systems. 
The last two points particularly concern livestock management, for which the workload and 
management and observation skills are particularly demanding for farmers. Other social 
issues were mentioned: aging farmer populations, lack of succession in farm ownership and 
lack of co-operation between farmers. This outlines the need for social innovation to develop 
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attractive systems based on exchanges and coordination between farmers and requiring low 
investment to allow their transmission to new farmers. Support in the form of advisory 
services, policies to encourage young people into farming and supply-chain support to 
encourage farmer co-operation have been identified as necessary developments to address 
these issues. 
Besides the challenges in common among CS, region-specific challenges also needed to be 
considered in the light-design process. In several mountainous regions (Wales, northern Italy, 
Switzerland), topography and high rainfall reduce the possibility to cultivate crops, and 
therefore mixed farming would need to be confined to more adapted areas. In Spain and 
southern France, climatic constraints imply water-resource conservation, a key challenge to 
be addressed in the design of ICLS there. 
WS participants also identified potential benefits from developing ICLS, such as increased 
soil fertility and nutrient cycling, better resilience (agronomic and economic) to external 
influences such as climate change and input price volatility, improved biodiversity within the 
landscape and conservation of natural resources, social connections and new motivations in 
farming (identity, community). Tourist-oriented products can benefit from a good image of 
environmental value, landscape preservation and local origin. Stakeholders identified 
agricultural policy as playing a key role in how mixed farming would develop in the future. 
Currently, specialised farming systems tend to be more profitable than mixed farming systems 
due to economies of scale that can be achieved and simpler management. In addition, 
according to the workshops’ participants, European CAP favoured specialised farming as 
decoupled aid had no diversification conditionality. Policy reforms are required to 
acknowledge the benefits of mixed farming systems and support the transition to mixed 
farming practices.  
 
Adaptation options: global view among all CS  
The adaptation options designed in CS explore metabolic and ecosystemic approaches. We 
give an overview of these options to identify generic or transversal ideas emerging from these 
specific cases. Some organisational options have been designed to reduce workload in 
livestock systems (e.g. investment in a milking robot), add value to farming activities (e.g. 
producing solar energy on livestock buildings), or benefitting from the landscape quality (e.g. 
hosting tourists). These are important points but concern all types of systems, either 
specialised or integrated. Thus, we distinguish between crop-livestock integration options (in 
metabolic or ecosystemic approaches), and organisational options (summarised in Table 1; 
frequency of occurrence in Supplementary Table S2). 
Among the diversity of adaptation options designed in CS,  few are purely “technological”, 
except biogas production which is cited in 6 CS. The stakeholders identified mainly sets of 
practices based on agroecological principles: diversification of crop rotations (8 CS), better 
use of semi-natural spaces such as landscape elements (4 CS) and grasslands (6 CS), and 
optimisation of cover crops (3 CS). 
 Table 1. Summary of type of integration and main adaptation options designed in each case study (CS).  
1 FR: France ; 2 IT: Italy ; 3 DE: Germany ; 4 NL: Netherlands ; 5 UK: United Kingdom ; 6 ES: Spain ; 7 CH: Switzerland
CS no.  Country Type of integration  Metabolic approach options Ecosystemic approach options Organisational  innovation options 
E2 FR1 Complementarity Biogas production Test of nettle and lucerne for fodder crops Grazing and milking robot 
E6 IT2 Territorial synergy Biogas production Diversification of crop rotation Land exchanges 
E7 DE3 Local synergy Manure management Crop rotations adapted to animal needs: grazing 
and grasslands included in rotation 
 
E8 FR Local synergy Manure management Species and variety associations in crops and 
grasslands, multi-purpose intercrops, soil 
conservation 
Flexibility in crop use: grazing/silage 
E9 FR Local synergy Locally produced fodders and 
concentrates 
Multi-species grasslands and crops, alfalfa and 
crop rotations 
Flexibility in crop use: grain/silage 
C2 FR Territorial synergy Locally produced fodders and 
concentrates 
New grassland mixtures, direct sowing, trials to 
improve grassland longevity, crop rotations, 
management of field margins 
Land exchanges to group plots and increase 
animal access to grazing, local market for fodder 
and crops 
C4 NL4 Territorial synergy Locally produced fodders and 
concentrates 
Grazing permanent grasslands, diversification of 
crop rotation 
Tourism: diversification of income sources 
C5 UK5 Local synergy Manure management, locally 
produced fodders and 
concentrates 
Multi-species grazing Direct sales, tourism, on-farm processing of 
lambs and turkeys 
C6 UK Territorial 
complementarity 
Biogas production Animal circulation  Several partners exchanging products and 
equipment 
C10 FR Territorial 
complementarity 
Exchange of feed and manure Diversification of crop rotation Organisation of exchanges, coordination 
C13 FR Territorial synergy Exchange of feed and manure  
Biogas production 
Diversification of crop rotations, Multi-species 
grasslands 
Land exchanges, development of local markets, 
collective work 
C14 ES6 Territorial synergy Exchange of feed and manure Agroforestry with grazing areas, grazing crop 
residues, diversification of crop rotation 
Agro-tourism, labelled products, farm contracts, 
cooperative services, environmental services - 15  
C16 FR Complementarity Biogas production, manure management, locally produced fodders and 
concentrates, use of industrial by-products in feed 
 
C18 CH7 Territorial synergy  Circulation of animals from lowlands to 
mountains, better use of differing land potentials 
Coordination between farmers for prices and 
animal circulation 
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The importance of organisational aspects is also outlined: local market development appears 
in 4 CS, as much as forage banks or structures for exchanging products between farmers 
directly. Public policies appeared to be a source of support for development of ICLS but less 
frequently than knowledge-sharing initiatives.  
Table 2 presents the most frequently mentioned adaptation options (technical or 
organisational) designed in CS, representing either exploitative or explorative innovation. We 
observed more exploitative than explorative innovations, probably because stakeholders 
imagine innovative practices within the limits of their own constraints, and thus deep changes 
hardly emerge. However, individual adaptation options are not significant changes in farming 
systems. The combination of several options envisioned in many CS in scenarios of crop-
livestock integration may lead to a strong reorganisation of land use and farming practices 
(e.g. CS C14-15). Therefore, we used the typology of crop-livestock integration to classify 
combinations of options. 
Table 2. Type of innovation encountered in adaptation options in light design 
 
 
Four CS belong to a “complementarity” type, corresponding to enterprises or specialised 
farms interacting without spatial coordination (each activity is spatially segregated). The 
integration is oriented to the metabolic approach (e.g. recycling). An example of the 
complementarity type is CS C16, a commercial pig farm where optimisation of manure 
management allows nitrogen inputs for crop production to be reduced. The use of local by-
products also maintains the fodder supply and benefits the local integration of farming. 
Cropping and livestock systems coexist and interact through flows of products, but there is no 
specific management of land use and practices to deliver ecosystem services. 
Innovation 
type 
Technical options Organisational options 
Exploitative Biogas production  
Optimisation of manure fertilisation, 
collecting and processing 
Diversification of crop rotation  
Optimisation of grassland 
management 
 
Forage banks and other exchanges between 
producers 
Connection of livestock farms to local 
industries 
Milking robots 
Development of local markets 
Lucerne dehydration factory 
Tourism 
Explorative Management of cover crop as fodder 
(harvest or grazing)  
Adaptation of animal breed or herd 
management (multi-breed, multi-
species) 
Land exchanges between farmers   
Landscape management  
Networks for collective learning 
Public support to change practices  
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Four CS belong to a “synergy” type at a farm level, seven at territorial level. The main farm-
level issue is self-sufficiency, while the main ter ritorial-level issue is coordination be tween 
crop and livestock production (e.g. mixed-use spaces, dual-purpose crops). The synergy type 
focuses more on the ecosystemic a pproach, usin g diver sification of  land use and spac es to 
manage ecosystem services, Examples of the synergy t ype are C S E7 (farm level) and C 2 
(territorial level). In CS E7, a high level of self-sufficiency is reached through feeding cover 
crops and crop residues to animals, which are otherwise fed with grassland hay or by grazing. 
Grasslands are rotated with crops as much as possible to increase the productivity of both. In 
CS C2, animal wastes regularly decrease water quality due to nitrate leaching. Their use as a 
resource for biogas production could decrease environmental impacts. The heat produced by 
anaerobic fermentation can be used to dehydrate fodder crops such as lucerne, grown locally 
in rotation with  maiz e. Introducing luce rne incr eases soil fe rtility, th ereby re ducing the  
amount of  manur e ha ving to be a pplied to maize a nd de creasing wa ter poll ution. L ucerne 
cultivation and management of the biogas plant are undertaken by a farmers’ organisation 
with pilot farms for experimentation and training of other farmers. 
For a deeper understanding of the rationale logic of crop-livestock integration, we present a 
comparative a nalysis of  four  ter ritorial-level CS: E6 in Italy, the merged C 14 a nd C15 i n 
Spain and C4 in the Netherlands. These CS represent three contrasting and illustrative types 
of crop-livestock integration at the territorial level, each with its own issues and constraints. 
Figure 1. Representation of adaptation options in case study E6 (San Giuliano, Italy). Ovals represent 
ecological and social components. Overlapping areas represent spatial (at farm or territorial levels) and 
temporal interactions between these components. Straight arrows represent material flows: orange for 
feedstuffs and animal products, green for grassland-based forage, blue for cash and forage field crops, 
red for an imal manure, thick bl ack f or ene rgy, and thin bl ack f or r esidues from bi ogas pr oduction. 
Curved green arrows represent ecosystem services. Purple ovals represent stakeholders involved in the 
CS. Purple arrows represent coordination and services exchanged between stakeholders. 
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Case study E6 (Italy) - Distributing crop patterns geographically to overcome agronomic 
constraints 
CS E6 is located in Tuscany, northern Italy, in the province of Pisa. It consists of 
collaboration between farmers from uplands dominated by livestock breeding on permanent 
grasslands and lowlands dominated by high-value crops, mainly potatoes and maize. The 
system described is a combination of pre-existing and new practices imagined during the 
light-design process. In the uplands, this CS focuses on a specific large dairy farm with 
confined cows. Cows are fed hay from permanent grasslands of the farm and imported cereal 
concentrates and soya meal. The lowland part consists of several medium-sized arable farms. 
Initially, the upland and lowland farms do not interact. Crop-livestock integration appears 
through two main changes: biogas production in the livestock farm and land exchanges 
between the upland and lowland farms (Fig. 1).  
Biogas production in the uplands produces digestate that is dried and transported to lowland 
farms, reducing the risk of water pollution in the uplands due to spreading too much animal 
waste with high nitrogen content. The use of dried digestate as a source of fertiliser for 
intensively cropped fields interested the lowland arable farmers. Drying the digestate enables 
it to be transported up to 30 km at a lower cost than transporting liquid manure. 
Crop-rotation limitations caused arable farmers to look for other land on which to grow 
potatoes and maize. Potatoes have a return time (i.e. the minimum period before planting the 
same crop) of six years. In contrast, maize can be cultivated with short return times and even 
in monoculture, but doing so will incur increasing production costs each year, with increased 
pesticide use likely and decreased crop quality possible.  A land-exchange agreement between 
arable and livestock farmers was discussed to deal with these problems. Despite uplands not 
being ideal for arable crops, after many years under permanent grassland it is possible to 
achieve acceptable yields of potatoes and maize when ploughing grasslands. Additionally, 
introducing grasslands in lowland crop rotations increase soil fertility and bioregulation of 
pests, diseases and weeds (Lemaire et al., 2014). 
In this CS, delivery of ecosystem services is concentrated in the lowlands, whereas uplands 
benefit mainly from metabolic benefits: management of livestock waste and energy 
production. The biogas unit provides other benefits, especially the opportunity to process 
urban wastes. The coordination between lowland and upland farmers relies on common 
interests to cooperate.  
To summarise, CS E6 relates how the development of biogas production creates new 
opportunities by connecting livestock- and crop-production areas. Farmers extended their 
initial cooperation for management of the digestate to land exchanges. They aim to overcome 
agronomic constraints and benefit from ecosystem services through diversification of crop 
rotations: soil fertility and pest regulation in first place, but also a better nutrient cycling in 
lowlands and an improved water quality in uplands.  
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Figure 2. Representation of adaptation options in case study C14-15 (Aragon, Spain). 
Case study C14-15 (Spain): optimising contrasting areas in a territory with many constraints 
CS C 14 a nd C 15 a re loca ted in Ar agon, north -eastern S pain. These t wo CS a re me rged 
because they consist of two different scenarios for using contrasting areas in a same territory. 
According to local stakeholders, the main environmental concern in the area is water quality, 
with irrigation and use of nitrogen fertilisers resulting in increasing water salinity and nitrate 
content. 
The sust ainability of  d airy farming th ere is threatened b y de clines in pr oductivity and 
profitability, due  mainl y to increasing p rices of feeds, electricity and fue l. These economic 
constraints and the hard wor king conditions in livestock farming discourage man y farmers 
from staying in farming. The a ctivity of  suppl y chains and c ooperatives is impacted by 
reduced farming activities. The region is thus exposed to a high risk of agricultural decline in 
next years. These CS present an alternative, not yet implemented, aiming to optimise resource 
use in two types of agricultural areas: dry hills and irrigated plains (Fig. 2). 
In the hilly a reas of lo w agronomic potential a nd sc arce irr igation wa ter due  to long a nd 
intense droughts, the challenge to maintain production is high. These areas are still managed 
by small  fa mily farms. The fa rming s ystem envisioned is based on shee p pr oduction on 
grasslands with a few crop fields, associated as much as possi ble with fruit trees i n
agroforestry systems. In this scenario, fruit trees (mainly olive and almond) generate income 
and pr otect soils from erosion a nd grazing a nimals from the sun. Sheep a re robust a nd 
efficient-grazing breeds. Grasslands a re mul ti-species and include  le gumes such as lucerne. 
Crop fields are mainly coarse grains associated with legumes and are used to feed the sheep. 
They are rota ted with temporary grasslands. The land can also be sh ared b etween farms 
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through c ollective land  ba nks to minimise transport costs a nd animal mana gement. 
Cooperatives provide technical advice and services. Systems of experience-sharing ensure the 
adaptation of farmers to changing conditions through experimentation and collective training. 
Tourists represent income sources through dir ect sales of fa rm products (potentially with  
environmental lab els such a s or ganic c ertification) and se rvices (facilities). P ublic poli cies 
support these small  farms by payments for environmental services, water quality, landscape 
preservation and especially fire-risk mitigation ensured by grassland management.   
In the plains, an area of  higher agronomic potential, water for  irr igation is more available, 
allowing int ensive dairy farms. Da iry c ows are fe d most ly sil age maiz e a nd c ereal 
concentrates produced o n lar ge ir rigated plots on the farms a nd grassland ha y includin g 
legumes such as lucerne. In the scenario, animal wa stes a re spre ad in fields to increase 
fertility but also treated in a biogas unit to generate energy. Cows are also fed industrial by-
products such as milling residues or  pulp from local industries, which lo wers the cost and 
stabilises the supply of animal feed. Milking robots decrease farmers’ workloads and ensure 
productivity in milk production. Farming systems are large corporate farms. Milk and meat 
are sold in conventional c hains. Public poli cies a lso support thi s business model throu gh 
investment schemes for re structuring or  e nvironmental im provements (high-efficiency 
equipment for pesticide spraying or irrigation) and grouping of plots.    
To summarise, C S C 14-15 re lates how diff erent adapted pathways of  crop-livestock 
integration may allow use of contrasting areas to be optimised by adapting farming practices 
to local resources. 
Figure 3. Representation of adaptation options in case study C4 (Winterswijk, Netherlands). 
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Case study C4 (Netherlands): preservation of ICLS faced with the need to remain competitive  
CS C4 is located in Winterswijk, a region in mid-eastern Netherlands with high nature and 
landscape values, consisting of a mosaic of grasslands, arable fields, hedgerows and woodlots. 
High environmental and landscape quality is preserved by severe restrictions (e.g. Natura 
2000 reserves, Water Framework Directive) but allows for tourism and recreation activities 
that generate significant income for farmers who host tourists. CS C4 consists of developing 
grazing in dairy systems and redesigning cropping systems to use fewer inputs. Such systems 
are already implemented in some farms, and their utility and benefits are widely 
acknowledged. This CS presents the coordination between stakeholders to avoid 
specialisation and intensification. 
Farms are mostly dairy farms with high production levels, and cow are fed harvested 
grasslands, silage maize and a small amount of grazing. As in CS E6, agronomic constraints 
led to the development of land exchanges between arable and dairy farms to grow potatoes 
when grasslands are ploughed. A combination of practices and land management allows 
enhancement of bioregulation: crop diversity and cover crops at the field level, and small 
plots, landscape mosaic, scattered with hedges and woodlots at the landscape level. As a 
whole, the territory provides a high-quality landscape, well-protected soils and good water 
quality (Fig. 3). 
To encourage these types of farming systems, several stakeholders including municipalities, 
farmers’ organisations, land owners, environmental groups, citizens and tourism-activity 
representatives established the Winterswijk Foundation. This foundation aims to maintain the 
diversified landscape, develop agricultural infrastructure and improve the environmental 
value of the region. To do so, an environmental reward system is under construction. 
Activities or ecosystem services that should be rewarded are chosen at a local level, e.g. 
replanting hedgerows along fields. The activities are allocated points depending on their 
importance for the landscape and the size of that activity and farmers are paid for their total of 
points.  
The mobilisation of funds from the second pillar of the CAP could be an option for further 
implementation of this environmental reward system. Supply chains are active in the territory, 
but some factories are relegated to locations outside the area to preserve the landscape. 
To summarise, CS C4 relates how a diversified territory can develop interactions between 
crop and livestock systems while preserving high landscape and environmental quality. A 
strong coordination between stakeholders, well-structured in a local foundation, makes 
preservation of these “virtuous” systems possible through an environmental reward system 
and tourism development.  
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Transversal analysis of the three CS 
The three CS presented illustrate three contrasted situations in terms of dynamics and 
challenges of crop-livestock integration. The design situation also differ among the three CS: 
in CS E6, upland-lowland coordination is just beginning, in CS C14-15, the stakeholders 
imagined prospective scenarios and in CS C4, many options already have been implemented. 
Despite these differences, some common principles exist. First, farming systems seem bound 
to some level of diversity in land use: diversity of flows and cropping patterns in E6, diversity 
of production systems in C14-15, and diversified small-scale landscape organised in C4. 
Grasslands, cash crops, and forage crops are present in every CS. This diversity is the basis of 
farming systems delivering ecosystem services like soil fertility and bioregulation allowing 
reducing synthetic inputs and environmental impacts. The metabolic approach is also largely 
developed through practices of livestock waste management and recycling. 
Social organisation is also crucial for crop-livestock integration. In the three CS, agreements 
between farmers from different areas are the basis for developing interactions between crops 
and livestock. Their collaboration also implies knowledge-sharing such as experimenting with 
new practices. Other stakeholders are also of major importance: customers via direct sales or 
labelled products (C14), tourists via diversification of income sources (C14, C4), natural-
resource managers via environmental service rewards such as water-quality protection (C14, 
C4), and supply chains via support to farmers for changing practices and marketing new 
products (C14-15, C4).  
Overall, either for biophysical processes providing ecosystem services or for social 
organisation, it seems crucial that crop-livestock integration multiply the number, diversity 
and intensity of interactions between entities of the socio-ecological system. 
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Table 3. Ratings of synthetic criteria of multi-criteria assessment for the designed scenario of crop-
livestock integration in case studies.  
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E2 +1 0 + + + + 0 + - + + 0 
E6 + 0 + + ++ 0 + + 0 + 0 + 
E7 + ++ + 0 0 0 + 0 - + 0 0 
E8 + ++ ++ + ++ + -- - 0 + + + 
E9 + + + ++ ++ + + + - + + + 
C2 + + + + + 0 - + 0 + 0 + 
C4 - + + 0 - 0 0 0 - + + + 
C5 0 + + + + ++ + + -- + - + 
C13 + + + + ++ + 0 - + + 0 + 
C14-15 + + + + + + + + - + + + 
C16 + + + 0 + + 0 - + + 0 + 
C18 + + + + 0 + + + 0 0 0 + 
1 Strongly degraded (compared to initial situation) criteria are rated “- - “, significantly degraded 
criteria are rated “-“, non-impacted criteria are rated “0”, slightly improved criteria are rated “+”, and 
strongly improved criteria are rated “++”. 
 
Qualitative multi-criteria assessment of adaptation options 
We generalise observations by focusing on the frequency of ratings of options for 12 CS (C6 
and C10 did not perform the assessment, C14 and C15 were merged). These ratings represent 
the opinions of participants who took part in the assessment phase of light design and are 
presented in Table 3. They represent their vision of impacts of implemented or envisioned 
changes in ICLS. 
In 10 of the 12 CS, ICLS are compatible with economic performance, especially the stability 
of gross margin from year to year rather than its absolute value. Increased crop and livestock 
self-sufficiency (less dependence on external inputs) is expected. ICLS are considered to rely 
on agronomic principles and reduce their dependency on synthetic inputs and external 
markets. Managing an ICLS requires much knowledge and skills that farmers can develop 
from experience, knowledge sharing, training and advice. This “capacity building” favours 
the autonomy of decision making. Many CS illustrate this and assume that the integration 
options will increase farmer autonomy both at farm (E2, E8, E9) and territory levels (C2, 
C13, C14-15, C18).  
Supply chains play an important role in crop-livestock integration, often associated with 
relocation of farming activities, including the development of local markets and labelled 
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products. This may represent an opportunity for diversification of marketed products. In some 
cases, however, the decrease in production volumes due to diversification and in purchased 
inputs due to increased self-sufficiency is identified as a difficulty for supply chains. Animal 
production (in 3 CS) and crop production (in 2 CS) are in some cases affected by integration, 
as specialisation is thought to increase yields, but overall production stability increases with 
integration.  
The work criterion is rated lowest, participants in 6 CS perceiving a large increase in 
workload due to integration. Organisational innovations may decrease this workload in some 
cases. Some CS, such as C18, proposed specific adaptation options targeting more flexible 
work organisation for farmers. 
Environmental criteria are expected to improve overall, mainly due to decreased use of 
synthetic inputs and increased nutrient recycling. Social embeddedness is also expected to 
improve, as many options are consistent with societal demands (e.g. local products, 
environmental protection and landscape preservation).  
This overview of the assessment indicates that ICLS are promising when considering a wide 
range of criteria linked to the sustainable development of agriculture. It also strengthens the 
idea that some combinations of integration options act in synergy, allowing better 
performance of several criteria together instead of trade-offs. C16 is an example at the farm 
level, where several incremental improvements to the system have led to better overall farm 
performance: improvement of the composting process decreases working time, and reduction 
of the number of animals reduces forage requirements, which reduces irrigation, fertilisation, 
and ultimately, production costs. The only criterion affected is livestock production, but as 
economic performance is better, integration still appears to benefit farmers. 
 
Discussion 
Design of integrated crop-livestock systems requires relevant methods and tools 
The design methodology presented is based on the use of our conceptual model of crop-
livestock integration. This methodology allows identification of challenges of crop-livestock 
integration in a harmonised manner in a wide diversity of contexts. In this way we cope with 
what Stirling (2011) calls “transformative diversity”, allowing diverse and adaptive options of 
change rather than unidirectional or uniform innovations.  CS leaders gave positive feedback 
about the usefulness of the light-design methodology for stimulating reflection on options of 
crop-livestock integration. They considered it well-structured yet adaptable and helpful for 
thinking about systemic interactions and combinations of options. It enabled them to set the 
context and stakes of crop-livestock integration and envision organisational innovations to 
make changes possible. In this way, our framework supports multi-level design and acts as a 
boundary object (Jakku and Thorburn, 2010). 
About half of the innovation ideas are organisational options for change (Table 2). This 
reinforces the idea that implementing innovations in complex and dynamic systems raises 
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many social and economic questions in biological and technical domains (Folke et al., 2010). 
However, innovations relying on biologically diversified farming systems such as introducing 
grasslands in crop rotations for soil fertility effects (Franzluebbers and Stuedemann, 2009) or 
biological regulation (Ratnadass et al., 2012), need to be better documented to move from 
general principles to locally adapted practices. 
Interactions between researchers and stakeholders in the three WS allowed for broad 
exchanges, structured by the methodology. The “light” aspect of methodology can be 
discussed, as it may limit the co-construction of the issues and solutions. Participants are 
expected to give their visions and ideas, but there is little time for debate and exploration of 
uncertainty. The short duration and small number of interactions in workshops also limited 
the ability to review exploitative options, often the first ones envisioned, and to build 
explorative ones collectively. According to Barreteau et al. (2010), light-design methodology 
encompasses consultative (WS1) as well as collaborative (WS 2 and 3) participation. 
Furthermore, the results rely strongly on the context of the CS and WS participants. Even 
though the co-running of WS by a facilitator and the CS leader was suggested, it is difficult to 
know how the WS were factually conducted, whether the adaptation options designed were 
consensual or instead reflected the opinions of dominant participants (Barnaud and Van 
Paassen, 2013).  
The need to characterise and assess the systems designed 
A “deeper” design process would be necessary to overcome these limitations. This further 
work would take the shape of iterative cycles of assessment and redesign that move between 
participants’ ideas, scientific knowledge and stakeholders’ visions about the utility of options 
and quantitative assessment provided by scientists using adapted tools. For example, potential 
benefits of biodiversity at field, farm and landscape levels could be specified and in some 
cases estimated using state-of-the-art scientific knowledge: semi-natural spaces are 
considered beneficial for biodiversity, but the effect depends strongly on their spatial 
distribution and connectivity (Fahrig et al., 2011). This knowledge would suggest closely 
integrating croplands and grasslands rather than setting them apart.   
Otherwise, our work focuses on a soft approach to stakeholder perceptions and ideas, whereas 
biophysical impacts have to be evaluated and trade-offs explained before implementing 
adaptation options (Kalaugher et al., 2013). This kind of stronger assessment process will be 
performed in the later stages of the CANTOGETHER project with life cycle assessment and 
economic assessment of several CS. The assessment will be based on collection of local data 
to inform quantitative assessment procedures.  
Regarding socio-economic aspects, the light design framework could evolve to fit local 
challenges and priorities, with adaptation of proposed criteria and definition of adequate 
indicators and significant thresholds. This deeper assessment is required to contribute to the 
development of innovative farming systems (Diaz et al., 2013).  
Although some challenges are specific to certain types of production, questions about 
economic viability in the face of global markets and the quality of life for livestock farmers 
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appear crucial for the maintenance of livestock production in many non-specialised regions. 
In Eastern Europe, some countries still conserve small-scale diversified farms, in which crop-
livestock interactions are central. Some results of our project could help livestock production 
persist in non-specialised regions, particularly such small-scale systems. Four learnings are 
proposed below. 
Broadening of viewpoints and stakeholders concerned 
To design synergies between crop and livestock activities, a systemic perspective is 
necessary. It considers multiple aspects of integration, which broadens the analysis criteria for 
innovation (Lovell et al., 2010). Criteria should be related to key attributes of the ecological 
system but also those of the governance system (Biggs et al., 2012). This systemic perception 
may help decrease risk aversion and ease transition phases (Geels and Schot, 2007). Indeed, it 
highlights systemic effects, e.g. one may lose in some aspects but gain in global performance. 
In the assessment of the light-design process, the negative impacts of adaptation options are 
balanced for many of the options designed. Otherwise, the options designed at the territorial 
level (e.g. exchange of products or land, circulation of animals, development of collective 
units) may broaden the types of stakeholders participating in the management of practices. 
Some CS show the crucial role of farmers’ associations (C10, C4), cooperatives (C15, C13) 
or public institutions (C2), whereas others rely almost only on farmer collaboration (C18). 
These considerations also question the economic model supporting ICLS. In some cases the 
innovation is supposed to allow a reduction of production costs (e.g. C13, C18), others 
propose to shorten the commercialization chain (C5, C14). Few CS rely on public subsidies to 
develop ICLS (C2, C4) and they focus on specific environmental rewards (e.g. wetlands 
preservation). Attention should be paid in further evaluation on the production costs and final 
prices of agricultural goods produced in ICLS.  
Territorial synergies can change constraints into resources  
Using the diversity of spaces and resources may increase the overall resilience of farming 
systems and allow development of new activities (Darnhoffer et al., 2010). For example, 
cattle grazing may allow the grasslands unsuitable for machines to be used. At the territorial 
level, a combination of a several types of farming systems could ensure the dynamism of the 
whole territory, as in CS C14-15. Complementarity may be developed between specialised 
farms in a mixed territory or between closely connected specialised territories. This would 
imply a means to exchange and manage flows of products, land or animals. This supports the 
idea that, in contrast to classical thinking, innovation is organisational rather than 
technological. 
 
Diversification of income sources and commercialisation channels 
In the CS, the production of renewable energy and other diversification activities were often 
conceived as a mean to improve economic viability of systems. It often meets other objectives 
and raises adaptation options: maintaining a livestock enterprise coupled with solar energy or 
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biogas production. Some CS proposed preserving the landscape via tourism or recreational 
activities, involving the commercialisation of farm products in local markets. Other CS felt 
that this amount of additional work for the farmer would be undesirable. However, studies on 
multi-functionality show the potential in diversifying activities to benefit from the strengths 
and opportunities of a farming community (Lovell et al., 2010). 
 
Two rationales of crop-livestock integration 
The identified scenarios of crop-livestock integration depend on the current farming systems, 
farm sizes and farmers objectives. Typically, large and specialised farms, in a corporate 
model, could organise their complementarity following industrial ecology concepts while 
maintaining economies of scale. Medium and small farms could benefit from diversity of land 
use and activities to deliver ecosystem services. These two archetypal models of crop-
livestock integration, which may coexist and even interact at a local scale, do not have the 
same benefits. In the industrial ecology rationale, crop-livestock integration mainly aims to 
reduce disservices and negative impacts of production by optimising exchanges between 
components of the entire production system. One main objective is to improve the degree of 
recycling of material and energy and the resource-use efficiency. In the ecosystem 
management rationale, ecosystem services are the core objectives. The supply of ecosystem 
services depends crucially on maintaining a diversity of habitats for biodiversity, from soil 
microbes to flora and fauna and their interactions (Fahrig et al., 2010). The ecosystem 
management rationale relies more on local knowledge and organisation among farmers’ 
communities (e.g. for selection of adapted varieties), whereas in industrial ecology decision 
are made in a top-down manner that may reduce flexibility and adaption capacities of farming 
systems. These two rationales are close to “weak” and “strong” models of ecological 
modernisation of agricultural systems (Horlings and Marsden, 2011), respectively. While both 
are promising, the path to crop-livestock integration depends on the local challenges defined 
by the stakeholders of the territory (Stirling, 2011). 
 
Conclusion 
The light-design process allowed us to build a portfolio of adaptation options to improve 
integration in crop-livestock systems, in alignment with their unique contexts. The 
methodology, though simple, appeared satisfying, especially the conceptual framework’s 
ability to help participants consider crop-livestock integration in a multi-domain and multi-
level perspective. The crucial outcomes of our work are the options for reintroducing diversity 
in farming systems and landscapes. Among these options, grasslands have a central place for 
their roles in pest regulation and building of soil fertility. The diversity of livestock species 
and management strongly influences the balance of farming systems in terms of nutrient 
cycling and land use. The decline in livestock production is in this sense a huge sustainability 
issue. To maintain and develop ICLS, strengthening interactions between groups of 
stakeholders, from farmers to public-policy makers, appear crucial to achieve the challenge of 
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developing and installing “green” innovations and broad social transformation that includes 
consumer behaviour and lifestyles. These transformations depend on priorities and choices 
made at societal and territorial levels, supported by mediation initiatives for local governance 
of land of land use and management.  
In the context of tension over the competitiveness of economic activities, agriculture should 
be considered as an especially sensitive sector due to the patrimonial dimension of 
agricultural areas and the need to preserve common assets. For this, we consider that public 
policies should remain flexible and territorially-oriented. Ultimately, our work supports the 
idea that research about the ecological modernisation of agriculture should develop multi-
level and multi-disciplinary approaches to understand the ability of agroecology to enhance 
ecological processes and of humans to shift from individual decision-making to collective 
action. 
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Supplementary Table S1: General information on case studies of the Cantogether project 
Case study Name Country Ecological area Scale 
E2 Derval France Atlantic Farm 
E6 San giuliano Italy Cont./alpine Territory 
E7 Lindhof Germany Continental Farm 
E8 Mirecourt France Continental Farm 
E9 Thorigne France Atlantic Farm 
C2 Lieue de greve France Atlantic Territory 
C4 Wintersjwijk Nederlands Atlantic Territory 
C5 Celtica United Kingdom Atlantic Farm 
C6 Morgan f United Kingdom Atlantic Farm 
C10 Riberacois France Atlantic Territory 
C13 Aveyron France Mediterranean Territory 
C14 Ebro river Spain Mediterranean Territory 
C15 Oviaragon Spain Mediterranean Territory 
C16 Midi pyr. France Atlantic Farm 
C18 Ch m&l Switzerland Alpine Territory 
  
Supplementary Table S2: Presentation of options of crop-livestock integration in all case studies.  
 
 
  E2 E6 E7 E8 E9 C2 C4 C5 C6 C10 C13 C14 C15 C16 C18 
Adaptation options 
relative to a 
metabolic approach 
Methanization/biomass boiler X X       X X X   X  
Manure spreading optimization   X        X X X X  
Adaptation of manure production with litter 
type 
   X          X  
Use of industrial byproducts as feed or litter              X  
Forage/grain vs. Manure exchanges between 
farms 
 X     X         
Adaptation options 
relative to an 
ecosystemic 
approach 
Diversification of crop rotation: soya, alfalfa, 
grasslands, cereal-legumes associations 
X  X X X X     X   X X 
Management of cover crops to increase 
fodder 
   X   X    X     
Exchange of lands  X         X     
Optimization of  grasslands’ management   X X X   X   X  X   
Adaptation of animal type and management    X     X      X 
Landscape management      X X    X  X  X 
Adaptation options 
relative to an 
organizational 
approach 
Development of local markets    X X   X   X     
Alfalfa dehydration factory      X     X     
Forage banks / exchange of products      X    X X X    
Networks for collective learning      X     X X X  X 
Public support to practices change      X X         
Tourism       X     X X  X 
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Synthèse du chapitre 4  
 
Les enjeux de l’intégration culture - élevage ont pu être définis à travers 12 études de cas 
couvrant les échelles exploitation et territoire. Les options de changement imaginées touchent 
à la fois aux pratiques individuelles dans les systèmes d’exploitation et aux initiatives 
collectives au sein des filières et du territoire.  
Les acteurs locaux, chercheurs, agriculteurs, conseillers, responsables filières et politiques ont 
construit des options d’intégration et défini la gamme de bénéfices attendus.  
Les options de changement identifiées dessinent deux voies et modèles d’intégration : 
l’optimisation des flux métaboliques au sein du système, en renforçant la complémentarité 
entre éléments du système ; la reconception basée sur l’adéquation des systèmes de 
production aux ressources locales. D’autres options mobilisent des acteurs comme les 
porteurs de politiques publiques, les acteurs des filières et les consommateurs en organisant 
des circuits courts améliorant la valorisation des produits.  
Le dispositif de conception a permis d’identifier ces options techniques et organisationnelles 
et de leur associer un niveau de performances pour une série de critères de durabilité. 
Cependant, ces performances sont très dépendantes des conditions de mise en pratique des 
options conçues. L’impact sur les systèmes réels, par exemple, n’est pas approfondi dans ce 
chapitre.  
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Chapitre 5 : Construction et implémentation d’une 
méthode couplant modélisation et participation d’acteurs 
du territoire pour concevoir et évaluer des systèmes 
culture – élevage. Exemple de l’Aveyron 
 
Ce chapitre présente les dispositifs et les résultats de conception participative de  formes 
d’intégration culture – élevage sur le bassin versant de l’Aveyron. La première section 
présente le diagnostic participatif des enjeux liés à l’intégration culture-élevage, qui a 
débouché sur la sélection des deux terrains. Chacun des dispositifs de terrain est ensuite 
présenté sous forme d’article.    
 
Diagnostic participatif des enjeux sur le bassin versant de l’Aveyron  
Le bassin versant de l’Aveyron est une entité hydrologique, à cheval sur les départements du 
Tarn, de l’Aveyron et du Tarn-et-Garonne. Les productions agricoles sont représentées sur la 
figure 5. Cette figure illustre la concentration de surfaces en prairies temporaires et 
permanentes sur la partie amont et médiane du bassin,  dominé par l’élevage de ruminants, 
tandis que l’aval est dominé par des surfaces de grande culture : maïs, céréales et tournesol, 
mais également des systèmes d’arboriculture.  Cette juxtaposition, au sein du bassin, d’une 
zone spécialisée en élevage et d’une zone dominée par les grandes cultures est représentative 
de nombreuse situations plaine / coteaux en Midi-Pyrénées. Chaque zone abrite une certaine 
diversité de systèmes de production mais tendent à la spécialisation. 
 
Figure 5: Usage des sols sur le bassin versant de l’Aveyron. Source : RPG – traitement Clément Murgue. Les 
couleurs représentent la culture prédominante dans l’assolement des années 2006-2010 par îlot de culture 
déclarés à la PAC. Le code couleur est le suivant : vert foncé : prairies temporaires, vert clair : prairies 
permanentes et estives, violet : vigne, bordeaux : arboriculture, orange foncé : maïs, jaune pâle : céréales, 
jaune foncé : tournesol. Les barres verticales représentent l’importance des volumes d’eau prélevés pour 
l’irrigation (bleu foncé : prélèvement en retenues ; bleu intermédiaire : en nappes ; bleu clair : en surface).  
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Figure 6 : Zonage amont – aval du bassin versant de l’Aveyron. En orange, la zone aval de la plaine de 
Montauban-Caussade, spécialisé en grandes cultures irriguées. En vert, le Ségala aveyronnais, spécialisé en 
élevage de ruminants principalement. Source : Juliette Grimaldi.  
Un diagnostic participatif des enjeux liés à l’intégration culture – élevage sur le bassin versant 
de l’Aveyron a été conduit fin 2012 (Moraine et al., 2014c). Ce diagnostic s’est basé sur un 
atelier initial regroupant dix participants dont des agriculteurs, des conseillers de chambres 
d’agriculture, des techniciens de coopératives et de l’Agence de l’Eau, et des représentants 
d’une association environnementale. Deux ateliers d’approfondissement ont suivi. La liste des 
acteurs présents aux ateliers est présentée en Annexe I. 
Le choix des acteurs vise à rassembler une diversité de points de vue et d’expériences. 
L’objectif était d’identifier des enjeux de différentes natures liés à l’intégration culture-
élevage au sein du territoire d’étude et recenser les initiatives déjà existantes sur le territoire, 
sous la forme d’une discussion ouverte avec relances, mobilisant des fonds de cartes ou des 
cartes des cultures dominantes sur le territoire. Le diagnostic des enjeux concernait les aspects 
économiques, environnementaux et sociaux des systèmes de production.  
Pour faciliter les échanges et centrer la discussion, les zones du Ségala et de la plaine de 
Montauban (Figure 6) ont été retenus pour la suite du travail et appelés par la suite « amont » 
pour le premier et « aval » pour le second.  
1.1. Enjeux et dynamiques actuelles de l’amont 
En Ségala, les aléas climatiques, plus particulièrement l’occurrence de plus en plus fréquente 
de sécheresses intenses et prolongées, rendent les systèmes fourragers très dépendants de 
l’irrigation (maïs et prairies) ou de l’achat de fourrages, paille et concentrés pour 
l’alimentation animale. Dans ces périodes sèches, la faible disponibilité des fourrages 
AMONT 
AVAL 
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engendre une hausse des prix et des surcoûts importants. En parallèle, les charges de travail et 
les niveaux de revenus portent atteinte à l’attractivité de l’activité. De ce fait, la transmission 
des exploitations et l’installation de jeunes agriculteurs deviennent très problématiques.  
Les acteurs de l’atelier ont décrit deux grandes stratégies à l’échelle des exploitations pour 
faire face à ces difficultés techniques, économiques et sociales. Pour une minorité elle est 
basée sur la diversité des productions et la complémentarité entre ces productions pour 
atteindre l’autonomie. Elle s’établit dans des systèmes à taille plutôt restreinte autorisant une 
complexification des pratiques  de gestion. Pour la majorité elle est basée sur les économies 
d’échelle dans l’objectif de réduire les coûts de production. Elle conduit à une spécialisation 
de l’appareil productif, au recours massif aux intrants et à des investissements importants (par 
exemple robot de traite en élevage laitier). En résumé, deux tendances sont donc identifiées à 
l’échelle des exploitations :  
- Diversification : « taille restreinte, diversité des productions, pratiques efficientes, 
faibles coûts » pour viser l’autonomie ;  
- Spécialisation : « agrandissement, recours à des intrants et à des investissements 
importants » pour viser des économies d’échelle. 
La première catégorie concerne plutôt des systèmes d’élevage herbager visant l’autonomie à 
l’échelle de l’exploitation, ils ne sont pas pris en compte dans les dispositifs de terrain.  
La seconde catégorie est intégrée dans le dispositif Filière territorialisée.   
1.2.Enjeux et dynamiques actuelles de l’aval 
L’aval du bassin est fortement spécialisé en grande culture, avec une prédominance de la 
monoculture de maïs irrigué sur les sols alluviaux et des rotations céréalières courtes 
(tournesol / blé) sur les coteaux argilo-calcaires. Ces systèmes de culture sont conduits de 
manière intensive avec un recours important aux engrais et pesticides et des prélèvements 
importants en eau (Encadré 1). Des problèmes d’érosion des sols sont identifiés par les 
techniciens de la zone, ainsi qu’un déclin global de la fertilité des sols. Ces systèmes de 
production présentent de fortes rentabilités à court terme, notamment dans les zones dédiées à 
la production de semences de maïs. La coopérative locale, QUALISOL, est très impliquée 
dans l’amélioration de la durabilité des systèmes de production, notamment au niveau de la 
gestion de la fertilité des sols mais aussi de l’impact sur les ressources en eau (pilotage d’une 
MAE réduction de phytosanitaires et d’un groupe Ecophyto). Elle encourage des stratégies de 
diversification des assolements et a développé une collaboration avec la coopérative d’élevage 
de l’amont (UNICOR) pour l’approvisionnement local en céréales. La tendance actuelle reste 
l’agrandissement des exploitations et la simplification des paysages, les ateliers d’élevage 
sont abandonnés et les prairies mises en culture.   
Le réseau d’agriculteurs bio de la zone aval rassemble des producteurs présentant des 
systèmes très diversifiés dont beaucoup de polyculteurs – éleveurs ayant souhaité maintenir 
de petites structures et qui se sont convertis à l’AB pour améliorer la valorisation des 
productions. Une dynamique d’installation de jeunes hors cadre familial est aussi observée, 
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dans des systèmes parfois très simplifiés, notamment en élevage de volailles bio. Les 
systèmes en AB sont caractérisés par une forte flexibilité dans les pratiques et une forte 
recherche de pratiques innovantes, souvent dans des réseaux d’échanges de pratiques 
spécialisés par type de production. L’isolement peut être une difficulté rencontrée par ces 
agriculteurs lorsqu’ils sont peu intégrés dans le tissu professionnel local. Les enjeux dans ces 
systèmes sont donc le renforcement des échanges techniques et sociaux et de la viabilité 
économique des exploitations, souvent orientées vers les circuits courts de commercialisation 
et sensibles aux fluctuations des prix de l’approvisionnement (aliments dans les systèmes 
d’élevage, fertilisants dans les systèmes de grande culture). 
 
Encadré 1 : Les enjeux de gestion de l’eau sur le bassin versant de l’Aveyron 
La monoculture de maïs dans la zone aval du bassin de l’Aveyron représente 18% des sols de 
terrasses. Le prélèvement annuel est de 18 millions de m3 avec un déficit structurel de 5 
millions de m3 chaque année (Murgue, 2014). La gestion quantitative de l’eau est un enjeu 
fort sur le bassin Aveyron, entrainant des tensions récurrentes entre les acteurs de 
l’environnement (associations environnementales, Fédération Départementales de Pêche) qui 
défendent la préservation du patrimoine écologique, comme l’espèce protégée d’écrevisse « à 
pattes blanches », les syndicats d’agriculteurs qui défendent l’accès à l’eau pour l’irrigation et 
d’autres acteurs comme les acteurs du tourisme aquatique. Les gestionnaires des services 
déconcentrés de l’Etat appellent régulièrement le Préfet à prendre des restrictions d’irrigation 
en période de sécheresse (Debril et Therond, 2012).  
1.3.Identification des dispositifs de terrain 
Le tableau 1 résume les principales caractéristiques des systèmes identifiés lors du diagnostic 
participatif. Les enjeux décrits par les acteurs locaux nous ont permis de construire deux 
dispositifs de terrain sur le bassin versant de l’Aveyron.  
Le premier, nommé Filière territorialisée aborde l’intégration culture – élevage à grande 
échelle, entre les systèmes spécialisés de l’amont et l’aval, autour des coopératives intéressées 
pour collaborer et créer de nouvelles filières plus locales. Il est présenté dans la section 2.  
Le second, nommé Collectif bio, s’intéresse à un groupe de l’association des agriculteurs bio 
du Tarn-et-Garonne, rassemblant des céréaliers et des éleveurs volontaires pour échanger des 
produits en direct. Il est présenté dans la section 3.  
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Tableau 1 : Caractéristiques et zonages des dispositifs de terrain 
Zone 
concernée 
Systèmes 
concernés 
Enjeux Caractéristiques Dispositif 
Aval SdC 
conventionnels 
Eau (irrigation, pesticides, 
nitrates),  
Sols (érosion, matière 
organique, fertilité biologique) 
Grande échelle, 
faible flexibilité des 
systèmes,  
modèle 
économique  filière 
Filière 
territorialisée 
amont / aval 
Amont SE 
conventionnels  
Agrandissement – robotisation 
 dépendance aux intrants 
(aliments), vulnérabilité aux 
aléas économiques et 
climatiques 
Aval SdC alternatifs  Valorisation des cultures de 
diversification 
Installation / transmission 
Agriculteurs 
dispersés,  réseaux 
d’échanges de 
connaissances 
spécialisés, 
flexibilité des 
systèmes 
techniques 
Collectif 
céréaliers -
éleveurs Bio 
échangeant 
directement 
Aval SE alternatifs Coûts des intrants (aliments) 
Installation / transmission 
Amont SE herbivores 
alternatifs 
Autonomie à l’échelle 
exploitation (gestion de 
l’herbe) 
Installation / transmission 
Stratégies  
d’optimisation 
individuelle, 
réseaux d’échange 
de connaissances 
spécialisés élevage 
Non étudié 
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Abstract  
Modern agriculture faces numerous challenges regarding sustainability, food security and 
social acceptability. These challenges require development of low-input farming systems that 
optimize natural processes and deliver ecosystem services. Integrated Crop-Livestock 
Systems (ICLS) represent opportunities for this by improving metabolism efficiency and 
enhancing ecosystem services at both farm and territory levels. These systems also provide 
diversified sources of income and create local activities. Situated co-design with stakeholders 
can consider the socio-economic contexts and overcome socio-technical lock-in. We present a 
participatory modelling approach for designing ICLS at the territory level in the Aveyron 
River watershed (southwestern France). A wide variety of farming systems coexist: both 
irrigated field crops in lowlands and intensive livestock systems in uplands experience 
significant sustainability issues. We first quantified the amount of feed imported to livestock 
systems to determine the potential for crop-livestock integration. We then asked a group of 
farmers and technical advisors to design alternative cropping systems and their possible 
spatial distribution in the landscape. The resulting options for change in land use and practices 
were simulated to assess their metabolic functioning, delivered ecosystem services, 
socioeconomic performance and capacity to respond to local challenges. Mainly, the design 
group suggested developing alfalfa in current cropping systems. This option demonstrates 
improved performances for metabolic functioning and ecosystem services. It also reduces the 
high irrigation-water withdrawals and represents an opportunity to create a new local supply 
chain without decreasing socioeconomic performance, except for a little impact on 
profitability. The options for change designed draw on perspectives to diversify the scope of 
ecosystem services delivered by agricultural systems. However, managing trade-offs between 
services should be negotiated locally and consider preferences, integration of long-term issues 
and possible changes in public policy.  
Keywords: crop-livestock integration; participatory design; multicriteria assessment; 
diversified cropping systems; landscape design 
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Highlights 
- Animal feed inputs could be locally supplied by specialized crop farms in a territory 
- Local agricultural stakeholders are interested in developing crop-livestock synergy 
- Innovative cropping systems are co-designed to supply feed systems 
- Diversifying cropping systems with alfalfa requires local market organization 
- Cropping system sustainability is improved with territorial crop-livestock integration 
 
1. Introduction  
Agricultural systems face numerous sustainability challenges that require their ecological 
modernization (Holling, 2001; Horlings and Marsden, 2011), including major changes in 
technical practices and labor or supply-chain organization. Such a trajectory has been 
described as a redesign of farming systems towards deep sustainability (Hill, 1998) and 
should occur in a wide transition of ecological intensification (Caron et al., 2014) that 
thoroughly involves local stakeholders.  
The development of new interactions between crop and livestock enterprises is often seen as 
an archetype of agroecological farming systems. In intensive agriculture areas, farming 
systems are often overspecialized, resulting in important homogenization of landscapes 
(Rudell et al., 2009). Loss of diversity in land use and crop patterns may decrease soil fertility 
and increase pest proliferation in field-crop systems and excess manure in livestock systems 
(Bell and Moore, 2012; Dumont et al. 2013; Russelle et al., 2007). Integrated Crop-Livestock 
Systems (ICLS) have been studied in several contexts for their advantages for nutrient cycling 
and eco-efficiency (Russelle et al., 2007; Wilkins, 2008) and the provision of ecosystem 
services (ES) by enhancing agroecological processes (Dumont et al., 2013; Lemaire et al., 
2013; Moraine et al., 2014a). Bell et al. (2013) show their benefits in productivity, soil 
fertility, and risk management regarding market and climate fluctuations. De Moraes et al. 
(2013) show that in Brazil, spatial crop-livestock integration among farms provides the 
opportunity for sustainable, well-balanced soil-plant-animal systems and the greatest 
profitability and stability of economic results for each farm. However, in developed countries, 
such mixed farming systems have rapidly disappeared since 1950s, mainly because of a 
decrease in the on-farm labor force, and because of specialized supply chains and processing 
units (Peyraud et al., 2014). While the common belief is that livestock will not return to farms 
from which they disappeared (Lapierre, 2004; Wilkins, 2008), several authors analyze the 
potential of crop-livestock integration among farms (Hendrickson et al., 2008; Lemaire, 2007; 
Wilkins, 2008). We define the local level as a “territory”. In our study, this covers the area of 
a sub-watershed that is also the decision and monitoring unit for water management by public 
institutions. The territory level encompasses existing collective dynamics among farmers, 
agro-chain organization and agriculture governance issues (Moraine et al., 2014a). 
Accordingly, designing ICLS at the territory level requires accounting for interactions among 
stakeholders’ strategies, technical decisions, socioeconomic dynamics and ecological 
processes i.e. designing new configurations of the entire social-ecological system (Schouten et 
al., 2012). 
97 
 
Managing changes in social-ecological systems requires combining innovative multilevel and 
multidomain ideas. McGranahan (2014) proposes connecting changes in different domains 
into whole consistent scenarios of change that consider the complexity of real constraints and 
favor systemic innovation. Following Cash et al. (2003), we built our design methodology to 
ensure the three criteria of success in participatory research: saliency, i.e. questions are similar 
to stakeholders’ issues of concern; credibility, i.e. data, knowledge and references are 
scientifically valid and locally adapted; and legitimacy, the diversity of ideas is represented 
and discussed by an appropriate panel of stakeholders. Jordan et al. (2011) identify Multi-
Stakeholder Landscape Design for Communicative Learning as a solution to deal with 
barriers to methodological challenges of credibility, legitimacy and saliency. Etienne (2010) 
proposes a participatory methodology called “companion modelling” to design solutions for 
natural resource management problems based on local and scientific knowledge and to design 
collective management solutions. All of these approaches combine “hard” and “soft” methods 
to inform the collaborative design process and perform quantitative and qualitative assessment 
of new configurations of the social-ecological system (Pahl-Wostl and Hare, 2004). 
This article presents our participatory design methodology of a territorial integrated crop-
livestock system and results of the process in the Aveyron River basin (southwestern France). 
Through this case study we explored the potential for developing structured exchanges in the 
basin between lowland specialized crop farming systems and upland livestock systems. The 
first step is a participatory diagnosis of current agricultural challenges and the potential for 
crop-livestock integration. We estimate the potential “supply and demand” of exchangeable 
products by determining livestock system requirements and then design options for change in 
lowland farming systems to meet these requirements. Finally, we estimate the potential area 
and production that corresponds to the cropping systems (CS) designed and analyze the 
multicriteria performances of these changes. The results are discussed in terms of the socio-
economic context of the work. 
2. Materials and Methods 
2.1. Case study: the Aveyron River watershed and the crop-livestock 
integration issue 
The territory was first described in Moraine et al. (2014 b) on the basis of a participatory 
diagnosis, with specific focus on sustainability issues in farming systems and opportunities to 
develop crop-livestock interactions. The Aveyron River is 300 km long and runs from hills to 
lowland plains (See Supplementary Material I). Farming differs greatly between uplands 
(upstream) and lowlands (downstream) due to natural constraints. Environmental challenges 
are mainly water availability (i.e. reduction in irrigation) and quality (i.e. nitrate and pesticide 
pollution). The Aveyron watershed experiences recurring and significant water shortages due 
to irrigation: water demand from agriculture is structurally greater than its availability. Across 
the watershed (1,560 km2), the annual water deficit is estimated as 7-12 million m3 (hm3), 
depending on the weather. As a consequence, irrigation is frequently restricted, which implies 
tensions and harsh negotiations between agricultural representatives and local government 
services in charge of aquatic ecosystem protection (Debril and Therond, 2012).  
98 
 
The uplands of the Aveyron watershed specialize in ruminant livestock production. In our 
study, we focus on a sub-part, the region of “Ségala”, which is characterized by grasslands 
and forage crops located in hills approximately 600 m above sea level. Ségala contains varied 
intensive livestock systems, with significant dairy and beef cow production but also sheep and 
several pig production systems. Ségala has almost no specialized crop farms. Silage maize 
was recently introduced, even on poorly adapted soils and at the expense of grasslands, to 
meet feed requirements of constantly increasing livestock numbers. As in other regions of 
Western Europe, an increase in farm size for economy of scale, specialization and 
intensification are the main dynamics of farming systems. This specialization results in 
Ségala’s high dependence on external sources of feed, especially protein sources. The 
liberalization of milk quotas has encouraged additional intensification of milk production and 
an increase in herd size. 
The lowland of the Aveyron River basin is a flat area covering about 16% of the latter’s area. 
The utilized agricultural area (UAA) covers about 40,000 ha. It contains approximately 1,150 
farms, 43% of which use irrigation, irrigating a mean of 38% of their UAA (French Land 
Parcel Identification System in 2009). Mean volumes withdrawn for irrigation each year reach 
approximately 18 hm3, which represents 80% of the agricultural withdrawals of the entire 
Aveyron River basin. Feedstock cereals and irrigated maize dominate the area, with numerous 
patches of fruit and high-income seed-production fields. Animal production, especially cattle, 
is in strong decline and pushed to the less-productive outlying hills and plateaus. Intensive 
cropping and maize monoculture cause strong soil erosion. Soil chemical, physical and 
biological fertility is declining on almost every farm. Further sustainability issues are the risk 
of water pollution and health problems due to pesticide spraying.  
The case study of the Aveyron watershed presents an interesting gradient of livestock-to-crop 
specialized farming systems in a relatively small area. “Lowland” and “upland” farm 
communities are not strongly connected but basic exchanges and collaboration may exist. In 
2003, severe drought led to a forage deficit in the uplands. On this occasion, transfers of 
silage maize from lowlands to upland livestock systems were organized through farmer 
unions.  
Moraine et al. (2014b) demonstrated that local stakeholders have two main challenges: (1) 
how to increase self-sufficiency of upland livestock systems in both energy and protein needs 
and (2) how to balance lowland CS to ensure soil fertility and reduce impacts on water 
resources. They discussed the possibility of introducing temporary grasslands in crop 
rotations or other crop diversification to reduce pesticide and fertilizer use and improve soil 
fertility (Fig. 1). These ideas are explored in our study by first characterizing animal feed 
inputs regularly imported into Ségala and reflecting with a group of lowland crop farmers on 
the opportunities and limits of responding to livestock system requirements.  
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2.2. Identification of upland livestock system requirements and 
lowland cropping systems  
 
To characterize the type and quantity of animal feed imported into Ségala, Grimaldi (2013) 
used the information available on 96 farms (followed by agricultural extension services as 
reference farms) that represent the diversity of livestock systems in this zone. The mean 
annual consumption of animal feed inputs of these farms (based on data from 2006-2011) was 
extrapolated to the 2455 farms in Ségala to estimate forage, concentrates and straw annually 
purchased by these systems. Results of this analysis of purchased feed and their fluctuations 
were discussed and consolidated during a meeting with technical experts and through nine 
interviews with managers of cooperatives and commercial firms specialized in the animal-
feed business.  
 
To estimate potential effects of diversification of lowland CS, we used a GIS developed by 
Murgue et al. (2015a, 2015b) to represent fine-scale agricultural land use of lowland farming 
systems. To develop the GIS, local knowledge was collected in participatory workshop with 
local agriculture experts about the main crop rotations and the factors determining their spatial 
distributions. This information was then combined with data from several generic databases: 
the French Land Parcel Identification System (LPIS; Inan et al., 2010), a 1/500,000 soil map 
and the local government’s information system for hydraulic resources and irrigation. For 
most farms, allocation of a crop to a farm field depends on soil type and access to irrigation 
water. On alluvial terraces and “boulbènes” (loamy hydromorphic soils), often located near 
watercourses, irrigated crops are predominant: maize monocropping for seed or grain and less 
frequently for silage. On hilly clayey-calcareous slopes, rainfed crop rotations prevail, with a 
dominant sunflower-wheat rotation. Murgue et al. (2015a) surveyed 27 representative farms 
in the area to describe crop management in detail (the main crop rotations), which included 
tillage, soil management, fertilization, pesticide applications and irrigation. (See 
Supplementary Table S1).  
The LPIS database for 2009 provides geographic positions (spatial delineation) of farmers’ 
field blocks (Sagris, 2013), hereafter called “islets”. Each islet is delineated by permanent 
physical elements of the landscape such as roads, hedges or forests, and is managed by one 
farm. LPIS also provides yearly information on the crop area within each islet. For each field 
located in one islet of the study area, crop sequences were determined according to analyses 
of LPIS from 2006-2009. To simplify the large diversity of observed crop sequences, each 
was tagged to a typical CS described by local experts (Murgue et al., 2015b).  
2.3. A participatory-modelling method for cropping system 
design 
Once livestock system requirements were determined, we worked with a group of lowland 
farmers to design the technical changes in their CS that could meet these requirements. A full-
day design workshop was organized. It included one technical advisor from the local 
cooperative interested in the study and six farmers close to the cooperative and was facilitated 
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by a researcher. Upland farmers did not participate because this workshop focused on changes 
in lowland CS. The method of this design workshop was developed by Murgue et al. (2015a). 
Four sequences are followed to open and then narrow the space for possibilities.  
Sequence 1: the opening question was “What do you expect from this research project?” This 
sequence allowed us to move from our research question regarding the potential development 
of a territorial ICLS to a question accepted by the entire researcher-actor group. The question 
that we collectively developed was “In the territory, what crop rotations and technical 
practices could be envisioned to respond to the upland livestock system requirements and 
local sustainability issues?” 
 
Sequence 2: “Which changes seem acceptable and interesting?” A phase of directed 
brainstorming allowed the group to freely express individual ideas for change relative to the 
current situation.  
 
Sequence 3: “Which of these ideas do you find most interesting? In what production and 
environmental contexts could they be applied?” We organized collective selection of the 
ideas that seemed the most interesting and asked the group to detail the implicit objectives and 
characteristics of each idea. Finally, we asked participants to describe, as finely as possible, 
the territory entities (field/farm type, soil unit, etc.) that would be involved in the change and 
any limiting factors.  
 
Sequence 4: “What degree of change in farming systems seems acceptable?” This 
corresponds to thresholds of technical, economic, and organizational acceptability for farms 
(most often resulting in defining the maximum area of the farms).  
 
A complementary meeting was held to discuss modelling assumptions, such as crop yields 
and production costs, with workshop participants, which allowed us to adjust our estimates.  
 
Ideas for change were the outputs of sequence 2. Once selected, the ideas were used to build 
alternative CS with workshop participants during sequence 3, which specifies technical 
practices and associated crop yields in different types of soil. Finally, alternative CS plus their 
spatial distribution in the territory, informed by the “degree of change” (hereafter called 
“options for change”) were defined in sequence 4. The options for change were simulated, 
and in this article we present two main options for change. 
After the workshop, we developed and applied spatial and attribute GIS queries, which 
enabled us to implement the options for change described by participants in the workshop. 
Queries also considered location criteria (e.g. soil, farm type, presence or absence of 
livestock, rotation) and the degree of acceptability expressed by participants (e.g. a maximum 
percentage of the total maize area or the UAA of farms). This allowed us to precisely estimate 
candidate areas for each option for change and perform multi-criteria analysis of their 
potential effects at the territory level. 
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2.4. Multicriteria analysis of crop-livestock integration 
To assess the sustainability and local relevance of options for change, we built a multicriteria 
assessment grid that integrates scientific and stakeholders’ viewpoints. Inspired by 
sustainability assessment methodologies (Pelzer et al., 2012; Sadok et al., 2009), we 
structured our multicriteria grid into four assessment domains, with each domain having 
several criteria and indicators. The set of assessment criteria was selected in relation to the 
object and recipients of the assessment (Botreau et al., 2014; Carof et al., 2012). The objects 
of assessment are changes in lowland CS. The assessment recipients are the local stakeholders 
interested in developing the changes and the researchers who want to better understand the 
process, benefits and limits of crop-livestock integration at the territory level. The scientific 
viewpoint is based on the conceptual framework of crop-livestock integration developed by 
Moraine et al. (2014a). It assumes that expected benefits are either metabolic (e.g. closing of 
nutrient and energy cycles, natural resource preservation, decreasing pollution) or ES 
(centered on soil fertility and biological regulation) (Bonaudo et al., 2013; Dumont et al., 
2013).  
The feasibility of alternative CS is assessed in terms of their predicted socio-economic 
performance on criteria discussed with stakeholders. Local relevance of the assessment 
procedure is reinforced by using criteria for specific local challenges mentioned by 
stakeholders during the diagnosis phase.  
As suggested by Lopez-Ridaura et al. (2002), we limited the number of assessment criteria. 
This allows discussing synthetic results with stakeholders, which they contribute in iterative 
design and refinement of options for change. Table 1 shows the multicriteria grid. The 
multicriteria grid was used to compare the current situation (the current CS distribution) with 
the options for change (alternative CS distributions designed with participants).  
 
2.4.1. Metabolic analysis 
Improving farming system sustainability through crop-livestock integration can be based on 
improving their “metabolic functioning” or resource use “eco-efficiency” (Wilkins, 2008). 
Three synthetic criteria were selected to address this issue: self-sufficiency, productivity, and 
efficiency. 
Self-sufficiency appears in several definitions of agroecological systems (Altieri, 2002; 
Bonaudo et al. 2013; Dumont et al. 2013; Gliessman, 2007) and was identified by researchers 
and local stakeholders as a challenge for individual farmers and farm communities (Wezel et 
al. 2009; Wezel and Peeters, 2014). For livestock systems, we define self-sufficiency as the 
capacity to feed animals. For CS, we define self-sufficiency as independence from external 
inputs (i.e. mineral fertilizers and pesticides). The corresponding indicators are amount of 
mineral N fertilizer applied per unit area (kg/ha) and Treatment Frequency Index, which 
represents the number of full-dose pesticide applications per ha per year (Halberg, 1999). We 
asked participants of the design workshop to estimate inputs required for the alternative CS 
proposed and then validated and corrected the estimate based on scientific and local 
references.  
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Productivity is a classical assessment criterion (e.g. Lopez-Ridaura et al., 2002) significant for 
local farmers, who value their role as food producers. It is also a matter of profitability: as 
long as prices of agricultural products remain low, farmers have high productivity to ensure a 
viable income. The economics of supply chains, cooperatives, and processing units (e.g. 
slaughterhouses, dairies) also depend on production quantities. Productivity criteria are 
understood by considering the kind of productivity (e.g. per unit area or work) and what is 
produced (e.g. grain, dry matter (DM)). Our object is the supply of animal feed and we 
distinguish two sub-criteria: “energy-source dry matter production” and “protein-source dry 
matter production”. The corresponding indicators are “metabolizable energy production” and 
“protein production”, expressed per unit area. They were estimated using reference values for 
each crop and use (i.e. maize, sunflower and wheat used as grain, alfalfa used as hay) (INRA, 
2007).  
Efficiency is the ratio between farm inputs and outputs. We focus on nitrogen (N) inputs as an 
indicator for all inputs, since N fertilization is one of the most important factors influencing 
yields. Efficiency highlights consumption of natural resources compared to production of 
food and feed. In a context of diminishing resources and increasing input prices, highly input-
consuming farming systems could be targeted and motivated to change. The corresponding 
indicators are “metabolizable energy production” and “protein production” expressed per N-
input unit. It is calculated by the ratio metabolizable energy or protein production per ha to N-
input per ha.  
2.4.2. Ecosystem service analysis 
Improving agricultural system delivery of ES is a major sustainability issue. ICLS can provide 
opportunities to address this challenge (Lemaire et al., 2014; Rodriguez Ortegua et al., 2014; 
Sanderson et al. 2013). Most authors assess performances of innovative farming for specific 
ES such as preserving patrimonial biodiversity (Berthet et al., 2012) or emphasize trade-offs 
among ES (Sabatier et al., 2013). Dumont et al. (2013) suggest using agroecological 
principles to analyze livestock systems and focus on regulating services useful for agricultural 
production (i.e. biological regulations and soil fertility). Zhang et al. (2007) describe them as 
services “from ecosystems to agriculture”. Our multicriteria grid also focuses on the specific 
ES of biological regulation and maintenance of soil fertility. 
Biological regulation is estimated by crop diversity and the abundance of semi-natural 
habitats at the landscape level (Koohafkan et al., 2011; Ratnadass et al., 2012). We do not 
include the landscape mosaic (i.e. spatial distribution of crops, composition and management 
of semi-natural habitats, hedges and woodlots), which partly determines the intensity of 
biological regulations. Local management practices are equally important (Sarthou et al., 
2014) and more easily characterized, whereas the landscape mosaic requires additional 
expertise on biological regulations at the landscape level. To assess soil fertility maintenance, 
we use indicators of chemical fertility (i.e. “legume crop frequency in crop rotation”) and also 
physical and biological fertility (i.e. “permanent soil cover” and “soil disturbance”, which is 
assessed by the frequency of tillage deeper than 10 cm (Diacono and Montemurro, 2010)). 
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2.4.3. Socio-economic performance analysis 
To be acceptable to farmers, options for change must be economically viable and socially 
acceptable. We focus on two major criteria to represent these socio-economic issues. We 
assess economic performance of CS through profitability. An average yield is established with 
farmers and technical advisors for each crop in each CS, and associated production costs are 
calculated based on local references. Crop prices are obtained from national references and 
discussed with workshop participants. For social performance, we focus on acceptability of 
new practices by farmers, expressed by workload. The acceptability of farming systems for 
other stakeholders (e.g. public policy makers, civil society) is assessed through the local 
challenge criterion.  
2.4.4. Local challenge analysis 
Stakeholders expressed concerns about the sustainability of their farming systems. They 
emphasized that to perform economically, farms should be individually viable and contribute 
to local dynamics. Supply chain activity stood out as an important criterion to ensure 
agricultural employment and social value of the activity. Related indicators are “production 
volumes of key crops” and “contribution to new supply chain development”. They are 
complementary aspects of supply chain activity: volumes represent the need to ensure a 
supply of major crops (i.e. maize for seed and grain and wheat for grain, which represent the 
main markets of the local cooperative) and supply chain interest in developing new markets 
and products.  
As previously mentioned, water resource management is a major issue related to recurrent 
conflicts, environmental impacts and agricultural losses due to suboptimal relations between 
resources and practices. The associated criterion is the total irrigation water used per unit area. 
It is expressed at the territory level as total water savings in alternative CS.  
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Table 1. Multicriteria assessment domains, synthetic criteria, criteria and indicators used to assess 
options for change in lowland agricultural systems. 
Domain of 
assessment 
Synthetic 
criteria 
Criteria Indicators  
Metabolic 
Self 
sufficiency 
Independence from 
fertilizers 
N amount/ha (kg/ha) 
Independence from 
pesticides 
Treatment Frequency Index 
Productivity 
Energy-source production 
per unit area 
crop yield (kg/ha) x raw energy of 
crop (kcal/kg)  
Protein-source production 
per unit area 
Crop yield (kg/ha) x total nitrogen 
content (g/kg) 
Efficiency 
Energy production per N-
input unit 
Energy production per unit area/N 
input per unit area 
Protein production per N-
input unit 
Protein production per unit area/N 
input per unit area 
Ecosystem 
services 
Soil fertility 
maintenance 
Permanent soil cover 
Frequency of perennial crops in 
rotation 
Symbiotic N fixation 
Frequency of legume crops in 
rotation 
Soil disturbance  Frequency of deep tillage/year 
Biological 
regulation 
Crop diversity Number of species  
Abundance of semi-
natural habitats 
% of the area under semi-perennial 
cover 
Socio-
economic 
performance 
Income Profitability Gross margin (€/ha) 
Work 
management 
Workload 
Working time for cropping 
practices 
Complexity Qualitative 
Local 
challenges 
Water 
management 
Water savings 
Total irrigation applied per unit 
area (mm/ha) 
Supply chain 
activity 
Contribution to new 
supply chain development 
Qualitative 
Production volumes of 
key crops 
Qualitative 
 
2.5. Calculation of indicators and criteria values at cropping 
system and territory levels 
2.5.1. Quantitative and qualitative indicators 
Of the 15 evaluation indicators, twelve are quantitative and three are qualitative (based on 
local expert knowledge). CS-oriented indicators, such as yield, production cost, semi-net 
margin, irrigation water and working time are calculated at the CS level and averaged per ha 
per year. Qualitative indicators were assigned values during the design workshop by asking 
participants the impact (low, medium, or high) of the given criterion for each option for 
change. Discussions were extended until consensus was reached; for example, “contribution 
to new supply chain development” was rated high in alternative CS because introduction of a 
new crop would support development of storage and processing units. This implies a trade-off 
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with the criterion “production volumes of key crops”, which illustrates the importance of 
maize and wheat, two crops that comprise a large portion of the market in the supply chain. 
 
2.5.2. Aggregation of indicator assessments for criteria assessment 
Information about criteria from the indicator values is obtained by comparing options for 
change to the current situation. The current situation is considered as the baseline, with zero 
for each criterion. The option for change is scored zero if it has the same value as the baseline, 
+1 or +2 if it slightly or strongly improves the criterion, respectively, and -1 or -2 if it slightly 
or strongly degrades the criterion, respectively. This scoring system, inspired by MASC 
methodology (Sadok et al., 2009), converts quantitative data with different units and 
magnitudes into scores appropriate for aggregation of sub-criteria into synthetic criteria. We 
aggregated criteria without weighting them as MASC does, because our sub-criteria have 
equal importance. Scores of synthetic criteria are means of sub-criteria scores. 
(Supplementary Material 2) 
 
2.5.3. From cropping system indicators to territory indicators  
Most indicators are initially assessed at the CS level per ha and/or per year. Further 
assessment of options for change was performed by estimating their performances at the 
entire lowland territory level. At this level, we analyze how options for change could 
represent a solution for the water deficit in the river basin and the extent to which they would 
fulfill requirements of upland livestock systems. To perform this analysis, we used 
information from the GIS about the areas concerned by changes. 
3. Results 
3.1. Identification of upland livestock system inputs 
Results indicate that Ségala is not self-sufficient in animal feed. Large amounts are imported 
each year of different natures and origins. Fodder imports equal approximately 17,000 t 
DM/year, mostly high-quality fodder from northeastern France or Spain. Opportunistic 
behaviors were observed for both suppliers and purchasers, resulting in contentious deals and 
poor coordination. Certain products could not be sold, and certain demands were not satisfied. 
During dry years, due to low local production, the quantity of forage purchased in this area 
can increase by a factor of five, increasing prices as a consequence. 
Around 46,000 t DM/year of straw, mostly for bedding, with a small percentage for feeding, is 
imported from the cereal plains in surrounding regions. Local supply chain stakeholders state 
that this represents a three-ton truck entering the main road to the uplands every 10 minutes, 
which emphasizes the importance of imports and their potentially high carbon footprint. 
Concentrate feed (e.g. oilcakes, raw cereals, cereals processed into complete meal) is the 
largest import, equaling approximately 110,000 t DM/year from international channels (i.e. 
South America, China, India). Protein-rich concentrates, such as soybean cakes, are important 
in the supply chain. Certified non-GMO soybean, in greater demand, comes from India and 
China.  
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These data demonstrate high potential for locally-produced fodder and concentrates. Supply 
chain stakeholders look for more stability in supply prices. Self-sufficiency in protein was a 
particular concern of supply chain stakeholders for Ségala livestock systems. Therefore, it 
was chosen as the central entry of the lowland CS design step. 
3.2. Cropping system design in lowlands 
3.2.1.  Selection of ideas for change 
During the first sequence of the design workshop with lowland farmers specialized in field 
crops, the participants expressed doubts and reservations about the idea of providing livestock 
systems with fodder, arguing that outlets would not be guaranteed. Their main expectations 
about the effects of changes were soil fertility management and water resource availability. 
Because our study could address this problem, they were interested in reflecting on technical 
and organizational options of crop rotation diversification. The opportunity to grow crops for 
livestock systems appeared interesting as long as it responded to lowland farming system 
issues. These issues oriented the rethinking of CS, since marginal adaptations or optimization 
of technical practices (e.g. switching to drought-resistant crop varieties) could not be long-
term solutions, according to workshop participants.  
Ideas for change based on crop rotation diversification were identified during the second 
sequence of the workshop. Ideas included producing alfalfa on irrigated fields to diversify 
maize monoculture, alfalfa on non-irrigated fields to diversify wheat/sunflower short 
rotations, grain legumes (e.g. soybean, faba bean, peas), and forage cover crops, (e.g. crimson 
clover (Trifolium incarnatum)) before spring crops. 
Workshop discussion resulted in selecting alfalfa cultivation as an option for change. 
Participants were more resistant to producing grain legumes and forage cover crops because 
of their technical knowledge of these crops: grain legumes have unpredictable yields, require 
a lot of mechanical and chemical weed control, and do not prevent soil erosion like alfalfa 
does. Forage cover crops are difficult to sow successfully due to dry conditions in summer 
and may be difficult to control in following crops.  
Workshop participants considered alfalfa a good crop for improving soil fertility through 
symbiotic N fixation. As a semi-perennial crop, it would ensure soil cover that could reduce 
both erosion and weeds. Alfalfa can be used as a buffer for water shortage management, since 
it is irrigated when water is available and rainfed during water shortages. During water 
shortages, this strategy would use available irrigation water to ensure maize yields, whereas 
rainfed alfalfa, due to its deep root system, would be able to grow and ensure at least low 
yields. At the farm level, alfalfa would be introduced to specific fields for erosion or weed 
control problems. Cereal straw produced in rotations with alfalfa could be exported because 
soil organic matter would improve with alfalfa. 
The participants also identified several constraints to growing alfalfa. Technical knowledge is 
a crucial point for them, and a lack of it could lead to crop failures, causing them to stop 
growing it. Concerns about the equipment required to grow alfalfa, harvesting conditions, 
workload, and guarantees for selling were extensively discussed. 
Participants from local cooperatives suggested that they could organize strategic planning of 
alfalfa production, harvesting and conditioning. If enough members volunteered to grow 
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alfalfa, the cooperative offered to invest in efficient equipment and manage logistical aspects. 
Harvest management by the cooperative and the construction of a drying oven or dehydration 
units were also considered to ensure the quality of the final product, which is highly sensitive 
to harvest and conditioning. Dehydration would provide feed for non-ruminant animals 
(mainly pigs and poultry). The cooperative could act as an intermediary between lowland and 
upland farmers. They would offer logistical and storage capacity, ensure regular and adapted 
production quality and manage contracting to assure an adequate balance between supply and 
demand over the long term. 
 
3.2.2. Alternative cropping systems with alfalfa and their spatial distribution in 
the territory 
During sequence 3, the location of options for change and conditions for implementing them 
were specified. Workshop participants considered different levels of alfalfa production, 
resulting in different distributions of alternative CS in the territory. These depend on the 
presence/absence of livestock on lowland farms (i.e. technical knowledge of forage crops), 
soil type, crop rotations, irrigation facilities and seed production.  
Two options are possible for farm structures. The first is to produce alfalfa on farms where 
some livestock remain or where livestock production has recently stopped. Since these 
farmers often know how to grow alfalfa, they could use this knowledge to introduce alfalfa 
into their cropping systems and maintain their grassland area. At the same time, they would 
relay this knowledge to neighboring farmers. The second option is to introduce alfalfa to a 
wide range of farms regardless of the presence of livestock.  
As for eligible soils and crop rotations, alfalfa would be introduced to two main soil and 
landscape types. In alluvial terraces, 2700 ha of maize is grown under monoculture in 
irrigated fields. Alfalfa could be introduced without irrigation, thus decreasing water 
withdrawals for irrigation. The crop rotation would consist of 3 years of alfalfa and 3 years of 
maize (hereafter “Alf-M”). In clayey calcareous slopes, rainfed sunflower/wheat rotations are 
grown on 9000 ha. Alfalfa could be introduced by implementing 7-year crop rotations: alfalfa 
(3 years)/wheat/sunflower/wheat/sunflower (hereafter “Alf-Wh-Sf”). Table 2 describes 
cropping practices specified by workshop participants for these two alternative CS. 
Development of alternative CS is restricted by two factors discussed with participants during 
sequence 4 of the design workshop. Considering the risk associated with crop diversification, 
no more than 25% of farm maize area could be replaced by alfalfa. Due to their added value, 
areas of maize seed production are excluded from consideration for alternative CS. The other 
constraining factor is management of technical operations. Since work for alfalfa peaks at 
harvest (three cuts per year), participants proposed a maximum of 10 ha of alfalfa per farm 
(mean farm size is 50 ha).  
To apply these constraining factors at the territory level, we first applied the alternative CS to 
maize monoculture (up to 25% of maize area) to address water management. If the 10-ha 
alfalfa threshold was not reached, we placed the remaining alfalfa area into sunflower/wheat 
rotations. The resulting areas covered by alternative CS and areas covered in alfalfa are 
presented in Table 3 and Fig. 2.  
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Figure 1. Spa tial distribution and  i ntensity of  flows between c rop, an imal and grassland p roduction 
systems within t he Aveyron R iver watershed. Low lands (downstream) and uplands ( upstream) ar e 
represented for both the current situation and the options for change designed by stakeholders. Inputs 
and out puts of these systems are r epresented by  arrows. Circle size and arrows represent the 
importance of each system and flows. The size of overlaps between circles represents the degree of 
spatial interaction (e.g. grasslands in rotation with crops, grasslands grazed by animals).  
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Figure 2. Maps of lowland area representing agricultural land use at the islet level for the 
current situation (left) and distribution of designed cropping systems (right). Bright green 
represents alternative cropping systems. 
 
 
Table 2: Management practices, crop yields, working time and economic performance per crop of alternative cropping systems. These data were calculated 
using expert knowledge of local stakeholders and technical references. Prices were fixed during discussions with stakeholders and represent the most common 
prices experienced from 2012-2013 alfalfa 100 €/t, wheat 190 €/t, sunflower 370 €/t, grain maize 175 €/t. 
Cropping 
system 
Crop and 
production 
year 
Soil 
management 
Fertilization, 
kg/ha 
Pesticide 
application 
Irrigation, 
m3/ha 
Mean yield, 
t DM/ha 
Mean working 
time, hours/ha 
Mean production cost, 
€/ha 
Mean profitability,  
€/ha 
Alfalfa / 
maize  
Alfalfa 1 
Plowing 
1 hoeing 
40 P 
100 K 
1 herbicide 0 10 7.1 783 217 
Alfalfa 2  
40 P 
100 K 
0 0 12 3.9 488 712 
Alfalfa 3   0 0 8 3.6 375 425 
Maize 1 
Plowing 
1 cover crop 
1 hoeing 
165 N 
55 P 
40 K 
1 herbicide 
0.5 insecticide 
2500 12.5 17.7 910 1277.5 
Maize 2 
Plowing 
1 cover crop 
1 hoeing 
180 N 
2 herbicides 
0.5 insecticide 
2500 12.5 18 1007 1180.5 
Maize 3 
Plowing  
1 cover crop 
1 hoeing 
200 N 
55 P 
40 K 
2 herbicides 
0.5 insecticide 
2500 12.5 18 1129 1058.5 
Alfalfa / 
wheat / 
sunflower  
Alfalfa 1 
 
Sowing in 
sunflower  
1 cover crop 
40 P 
100 K 
1 herbicide 0 10 6.8 743 257 
Alfalfa 2  
 
 
40 P 
100 K 
0 0 12 3.9 488 712 
Alfalfa 3    0 0 8 3.6 375 425 
Wheat 1 
Plowing  
1 sup. tillage 
155 N 
60 P  
40 K 
1 herbicide  
1 fungicide 
0 6.5 6.3 748 487 
Sunflower 1 
Plowing  
1 hoeing 
40 N 
1 herbicide 
0.5 antislug 
0 2.6 5.1 479 353 
Wheat 2 2 cover crop 
190 N 
60 P 
40 K 
2 herbicides 
1.5 fungicide 
0 6.5 6.5 763 472 
Sunflower 2 
Plowing  
1 hoeing 
60 N  
1 herbicide 
0.5 antislug 
0 2.6 5.1 499 333 
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Table 3. Change in crop rotation area from the baseline situation to the designed option for 
change and area of alfalfa in cropping systems (CS). 
Cropping system (CS) Baseline land 
use (ha) 
Land use with 
alternative CS (ha) 
Alfalfa area in 
CS (ha) 
Maize-based: 
- Maize monoculture 
- Maize - Alfalfa 
 
2676 
0 
 
716 
1960 
 
0 
980 
Sunflower-Wheat: 
- Sunflower-Wheat 
- Sunflower-Wheat-Alfalfa 
 
8950 
0 
 
4033 
4917 
 
0 
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3.3. Assessment of alfalfa option for change  
3.3.1.  Metabolic performance  
Introducing alfalfa into the crop rotation should decrease the need for synthetic inputs. 
Workshop participants estimated that alfalfa releases 30 kg N/ha the first year after 
destruction and 20 kg/ha the second year. At the rotation level, N fertilization decreases by 
55% and 50% in Alf-M and Alf-Wh-Sf, respectively (Table 4). 
Pesticide application decreases by 50% in both alternative CS, since alfalfa requires fewer 
pesticides (one herbicide application in the first year to ensure establishment), and its 
vegetation cover reduces weed growth. When designing practices of the two alternative CS, 
workshop participants described reduced pest and disease pressure, but hardly quantified 
reduced use of fungicide or insecticide. They agreed to reduce fungicide use on wheat after 
alfalfa but remained cautious about further reductions in pesticide use.  
Energy production per ha of Alf-M CS decreases by 18%, but protein production per ha 
increases by 41%. For Alf-Wh-Sf CS, energy production per ha increases by 11%, but protein 
production per ha increases even more, by 78%. Both alternative CS with alfalfa have good 
production per ha, but energy production per ha is lower than that of maize. The criteria for N 
efficiency improve in both alternative CS, for both energy N efficiency (increased by 80% in 
Alf-M CS and more than doubled in Alf-Wh-Sf CS) and protein-production N efficiency 
(tripled in both alternative CS). Overall, metabolic performances improve for all criteria with 
alternative CS. 
3.3.2.  Ecosystem services  
Both alternative CS perform better than current CS for the targeted ES (soil fertility 
maintenance and biological regulation). At the field level, diversification of CS with alfalfa 
increases soil cover and symbiotic N fixation. It also reduces soil disturbance. Consequently, 
soil fertility improves overall, and long-term beneficial effects are expected for soil biological 
activity. Pest management improves, e.g. risk of fungal diseases, such as Fusarium, are greatly 
reduced by diversifying crop rotations. At the landscape level, diversification of crop patterns 
and introduction of semi-perennial crops provide more habitats for biodiversity. Natural 
enemies of pests can benefit from the presence of habitats both aboveground and in soils, 
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resulting in greater biological regulation of pests (e.g. aphids) and diseases. These results 
were discussed with workshop participants. Some effects of crop pattern diversification were 
collectively acknowledged. Conversely, they considered other effects, such as those on slug 
communities, as highly dependent on individual management practices and, therefore, 
generally not assessable. 
3.3.3. Socio-economic performance  
Changes in profitability differ by CS. As expected and well-known, maize monoculture has 
the highest gross margin of all current and alternative CS investigated due to the high yields 
of irrigated maize (12.5 t/ha, Table 2). Switching to Alf-M CS reduces gross margin by 23% 
compared to that of maize monoculture, while Alf-Wh-Sf CS has a gross margin 8% higher 
than that of Wh-Sf CS.  
The estimated workload strongly decreases (by 35%) in Alf-M CS and changes little in 
Alf-Wh-Sf CS. However, stakeholders considered that work would become more complex in 
both alternative CS. This highlights the issue of work management when diversifying CS. 
Current CS are often optimized for simple management and the highest short-term time-
profitability ratio. Discussions about work management generated solutions for collective 
management through pooling skills and material, either through small farmers’ groups or with 
local cooperative support. The cooperative would be the best option because of their capacity 
to invest in equipment, and it would give workers technical knowledge about alfalfa 
cultivation. In this organization scheme, work would not become much more complex than in 
the current situation. The alternative CS would require observation of alfalfa development and 
maturity. Workshop participants considered work complexity as “low” for the baseline 
situation but “medium” for both alternative CS.  
 
3.3.4. Impacts of options for change on local challenges 
Annual irrigation withdrawal decreased greatly (by 50%) in Alf-M CS compared to that in 
maize monoculture. We did not consider the possibility of irrigating alfalfa when water is 
available because it would require further estimates of interactions between weather and 
practices. Overall, in the downstream Aveyron area, the corresponding option for change 
reduces irrigation by 1.6 h m3, i.e. 12% of the mean water demand in the area and 30% of the 
mean annual water deficit. The Alf-Wh-Sf CS has no effect on water resources since the 
current Wh-Sf CS is not irrigated. 
The other main challenge identified was preservation of a local and dynamic supply chain 
economy. The option for change shows varied performances depending on the criterion. The 
criterion “quantity of key products” worsens in alternative CS because surface areas of key 
crops (maize and wheat) decreased at the territory level. The other criterion is development of 
new activities in the supply chain. Participants considered introducing alfalfa as an 
opportunity to diversify outlets and stabilize a new supply chain, with potential for local 
employment and investment in new infrastructure. The synthetic criterion of supply chain 
activity was thus considered to improve slightly.  
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3.3.5. Transversal analysis of options for change 
Overall, performance criteria of options for change scored higher than the current 
situation (Table 5). Of the 9 synthetic criteria, the Alf-M and Alf-Wh-Sf alternative CS had 8 
and 7 improve, 1 and 1 worsen, and 0 and 1 remain unchanged, respectively. Worsened 
criteria are “profitability” for Alf-M CS (score -2) and “work management” for Alf-Wh-Sf CS 
(score -0.5). Improved criteria are ES and metabolic performances for both alternative CS. It 
is notable that one of the two socio-economic criteria worsens in both options. This challenges 
the feasibility of the options for change, even though they were designed with farmers and 
supply chain stakeholders.  
To evaluate performances of options for change at the level of territorial crop-livestock 
integration, we estimated the possibility of substituting animal-feed inputs with alfalfa. In 
quantity, dehydrated alfalfa would equal 152% of current fodder inputs in Ségala. Regarding 
nutritive values, alfalfa would represent 21% of energy and 11% of protein currently imported 
for all livestock. Concentrate, especially protein-rich concentrate inputs, could be reduced 
with alfalfa.  
 
Table 4: Indicator values for baseline and alternative cropping systems (CS).  
 
  
Assessment indicators for CS 
Maize-based CS 
Wheat-sunflower based 
CS 
Baseline  
Alternative 
CS 
Baseline  
Alternative 
CS 
N fertilizer applied (kg/ha/year) 200 90.8 125 63.6 
Treatment Frequency Index 2.5 1.25 3 1.4 
Metabolizable energy produced per unit area 
(kcal/ha) 
31363 25616 15700 17487 
Protein produced per unit area (g/ha) 950 1345 617 1098 
Metabolizable energy produced per N input 
unit (kcal/kg N) 
157 282 126 275 
Protein produced per N input unit (g/kg N) 5 15 5 17 
Frequency of perennial crops in rotation 0 0.5 0 0.4 
Frequency of legume crops in rotation 0 0.5 0 0.4 
Frequency of soil tillage/year 2 1.1 1.5 1 
Number of species 1 2 2 3 
% of area under semi-perennial cover 0 50 0 40 
Gross margin (€/ha) 1058.5 811.75 402.5 434.1 
Working time of cropping practices 18.3 11.75 5.8 5.7 
Work complexity Low Medium Low Medium 
Total irrigation water per unit area (m3/ha) 2500 1250 0 0 
Contribution to new supply chain 
development 
Low Medium Low Medium 
Production volumes of key crops High Medium Medium Low 
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Table 5: Criteria scores for alternative cropping systems. Scores represent the relative difference of 
each criteria from baseline to alternative CS (see Table 4): -2 if “strongly degraded”, -1 if “moderately 
degraded”, 0 if neutral, and +1 and +2 if moderately and strongly improved, respectively. Decision 
rules for each criterion are presented in Supplementary Table S2 and scores of alternative CS in Table 
S3. 
Domain of 
assessment 
Criterion Sub-criterion 
Alfalfa 
Maize CS 
Alfalfa 
Wheat 
Sunflower 
CS 
Metabolic 
Self-sufficiency 
Dependency on fertilizers 2 1 
Dependency on pesticides 1 1 
Productivity 
Metabolizable energy production per 
unit area 
-2 1 
Protein production per unit area 2 2 
Efficiency 
Metabolizable energy production per 
N input unit 
2 2 
Protein production per N input unit 2 2 
Ecosystem 
services 
Soil fertility 
maintenance 
Permanent soil cover 2 2 
Symbiotic N fixation 2 2 
Soil disturbance 1 1 
Biological 
regulation 
Crop diversity 2 2 
Abundance of semi-natural habitats 2 2 
Socio-
economic 
performance 
Income Profitability -1 0 
Work 
management 
Workload 1 0 
Complexity -1 -1 
Local 
challenges 
Water 
management 
Water savings 2 0 
Supply chain 
activity 
Contribution to new supply chain 
development 
1 1 
Production volumes of key crops -1 -1 
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Figure 3: Radar diagram of multicriteria assessment of the options for change designed, grouped into 
domains of assessment. Synthetic criteria are scored by averaging sub-criteria scores shown in Table 5 
(see Supplementary Table S3 for detailed scores). The baseline is scored 0 (neutral) for each criterion. 
For alternative CS, negative scores mean that it degrades the criterion, while positive scores mean that 
it improves the criterion.  
4. Discussion  
4.1.Sustainability of the alternative cropping systems designed 
The de velopment of t erritorial c rop-livestock integration ba sed on alfalfa cultivation in 
lowland CS appears environmentally fr iendlier. With improved metabolic performances and 
ES delivery, opti ons for c hange show more sust ainable functioning and reduced 
environmental im pacts. Other ES might be int eresting to explore, e .g. c arbon sequestration 
and pollination. The development of perennial soil cover, such as alfalfa, could increase soil 
organic matter and soil  biol ogical activity a nd i n turn carbon se questration (Soussana a nd 
Lemaire, 2014) . Introducing a lfalfa to CS shou ld a lso support de velopment of  ha bitats for 
associated biodiversity. When a lfalfa management allows at least one flowering per year, it 
could also increase poll ination (Ricou et al., 2 014). Local water d eficit iss ues are pa rtly 
addressed with alternative CS: in the short term due to reduced ir rigated areas and/or water 
withdrawals, and in the long term due to potentially im proved soil  w ater re tention through 
increased soil  organic m atter. The reduction in N fertilizers and improvement of  soil  cover 
while maintaining crop production levels could reduce greenhouse gas emissions, especially 
N2O (Snyder et al., 2009). 
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Profitability decreases in the alternative Alf-M CS, which could make farmers reluctant to 
adopt it. However, the economic performance of alternatives depends on the prices of 
products (alfalfa) and production costs assumed. In our study, they were estimated by 
workshop participants, who were particularly careful about assumptions of prices and costs 
(Supplementary Table S1). For example, the scientific literature states that 30-50 kg N/ha is 
released in the first year after alfalfa and 20-50 kg N/ha is released in the second year 
(Ballesta and Lloveras, 2010; Justes et al., 2002; Thiébeau et al., 2001). We used the lowest of 
these values (30 and 20 kg/ha, respectively) to be consistent with the values proposed by 
participants. Biological regulations are little integrated into our calculations due to lack of 
local references on the performances of CS diversified with alfalfa. In other words, options 
for change could reasonably perform better than demonstrated by our calculations. 
Besides decreased profitability in the alternative Alf-M CS, both alternatives are considered 
more complex to implement and manage. Accordingly, implementing such environmentally-
friendly CS would rely on encouraging and supporting public policies. The recent “greening” 
of the Common Agricultural Policy of the European Union could support such diversification 
of farming systems if subsidies are modified using crop-diversity criteria on farms and other 
types of ES “mainstreaming” (Plieninger et al. 2012). Stakeholders besides farmers are crucial 
for implementing the options for change designed. To decrease the complexity of alternative 
CS for farmers, local cooperatives interested in and associated with our research since the 
beginning of the project would provide technical advice to farmers about alfalfa cultivation 
and organize harvest, processing (e.g. drying), transportation and market management. One 
limitation of this organization is that farmers would have less control over management and 
governance of alfalfa production.  
Acceptability of the designed options for change by the wider civil society seems more 
promising. Environmental benefits from ES may be agreed upon, mostly preservation of 
natural resources and ecosystems, but also cultural ES such as esthetic landscapes. The 
conversion of agricultural areas from food to feed objectives is more questionable, but in the 
context of this study, current production is mostly dedicated to animal feed (completely for 
grain maize, partly for wheat and sunflower). Introducing alfalfa before wheat could facilitate 
production of high-quality wheat for bread production. Further work would be necessary to 
study impacts of local alfalfa production on livestock systems. Alfalfa is considered a useful 
fodder, as it helps balance the omega 3:omega 6 ratio in animal products, which is related to 
many human health concerns. Accordingly, it could promote the development of quality 
product labels, which would result in greater profitability (Ailhaud et al., 2006; Simopoulos et 
al., 2008).  
Resilience of the designed options for change to external changes (climate and market 
instability) may be better than that of the current situation. According to Biggs et al. (2012), 
principles, diversity and connectivity of both ecological and social system elements are 
crucial for resilience. Our study does not assess landscape configuration changes; however, 
land-use heterogeneity undoubtedly would increase with the options for change. Further 
design and assessment of land-use connectivity and stakeholder coordination and governance 
could be an interesting development of our study and result in a more complete reassessment 
of the socio-ecological system. Otherwise, conditions of successful collective actions among 
farmers are not analyzed yet.  
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4.2. Strengths and limits of the design methodology 
Our study proposes an innovative approach to address crop-livestock integration issues at the 
territory level. Since it navigates between farming system and territory levels, it participates in 
the development of “farming system design” (Martin et al., 2012a), “landscape design” 
(Nassauer and Opdam, 2008) and “landscape agronomy” (Benoît et al., 2012) research.  
To ensure the usefulness of study results, as proposed by Cash et al. (2003), we paid attention 
to the saliency, credibility and legitimacy of our methodology. The multicriteria grid, which 
aims to bring together different visions of sustainability issues and agricultural performances, 
played the role of an intermediary object for workshop participants (Jakku and Thorburn, 
2010). It considers current and local challenges and long-term sustainability issues, i.e. 
considering sustainability not only as a state but as a process (Duru and Therond, 2014). It 
promotes moving beyond just defining expected impacts of newly developed practices and 
introduces systemic design at the social-ecological system level, i.e. the farming system in its 
broad technical, ecological, economic and social dynamics (Darnhoffer, 2010; Duru and 
Therond, 2014). The challenge is to provide stakeholders with operational tools to integrate 
ES into land use management and practices and to benefit from these ES despite the 
unavoidable uncertainty linked to the level of delivery (De Groodt et al., 2007). Some 
assessment criteria are typically designed for this systemic vision (e.g. utility for final users, 
livestock farmers in our study). Productivity is expressed for energy and protein produced per 
unit area rather than only DM, as is usually done. It enables discussions with stakeholders 
about the relative importance of criteria and improves saliency of the research. Accordingly, 
our methodology is an attempt to bridge the gap between an academic view of ES and 
practical issues that exist, especially for farming systems (Caron et al. 2014). 
The participatory dimension of the project is shaped to improve legitimacy of the results by 
involving stakeholders in each step of the process: issue diagnosis, question refinement, 
design of possible changes, validation of the data and references used for multicriteria 
assessment, and discussion of the results. In this sense, our approach is a collaborative type of 
participatory research (Barreteau et al. 2010), whereas many research studies remain the 
consultative type. However, ex-ante assessment of estimated CS performances was not 
completely convincing for stakeholders, who expect more concrete evidence of alternative CS 
feasibility and results in their context. Further tests of innovative CS, such as field trials, 
might be necessary to initiate large-scale changes. Another cycle of redesigned alternative CS 
would also be interesting to incrementally improve the relevance of designed practices, which 
is commonly found in participatory-design methodologies (Etienne, 2010).  
Our study focused on development of new farming practices to address diverse sustainability 
challenges and especially local dynamics. However, we did not analyzed the impact on social 
relationships, power games or equity issues among stakeholders. Concepts such as ES have 
received criticism for their potential to be diverted to serve dominant stakeholders’ interests 
(Barnaud et al., 2013). Our work is deeply prospective and aims to build visions of possible 
changes in practices and to develop social learning among actors who are not accustomed to 
working and reflecting together. A study of collective action could supplement our approach 
to analyze the possible reluctance for change (e.g. farmers who do not want to change 
practices, those feeling excluded from groups, other political or social obstacles). 
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5. Conclusion 
We conducted a participatory design of CS from the perspective of crop-livestock integration 
at the territory level. Our results show that it is possible to design CS that address the 
challenges raised by over-specialized field-crop and livestock systems. The options for 
change designed improve metabolic functioning and ES delivery but not all socioeconomic 
criteria. Study results challenge the nature of organizational innovations, social coordination 
and public policies that should be developed to support crop-livestock integration at the 
territory level and, more generally, farm diversification. Complementary quantitative 
assessment of the options for change investigated (e.g. assessment of greenhouse gas 
emissions and carbon footprints) would be a promising continuation of our work. 
The present work identified possible new cropping practices and organization more than it 
generated a plan for action. The dynamics of necessary socio-technical changes remain in 
need of careful study and will likely inspire future research. This work proposes an illustrated 
methodology for “situated” participatory design that considers local-situation characteristics 
as well as stakeholders’ values and beliefs. It stresses that research can play an essential role 
in co-building knowledge with agricultural stakeholders who take charge of their futures. 
Similar studies could be developed at other sites where investigating sustainability of 
specialized farming systems raises questions about crop-livestock integration at the territory 
level. Our design and assessment methodology offers a way to design sustainable agricultural 
systems in more locally-adapted, interconnected and eco-efficient ways. 
 
 
 
Table S1: Practices and economic performances of main cropping systems of the territory. Prices are fixed by the group of stakeholders and represent the 
most probable value experienced in the last three years.  
 
 
 
 
 
 
 
 
Cropping 
system 
Crop Soil 
management 
Fertilization, 
kg/ha 
Pesticide 
application 
Irrigation,  
m3/ha 
Mean 
yield, 
t DM/ha 
Mean 
working 
time,  
hours/ha 
Mean  
production 
cost, €/ha 
Price,  
€/t 
Mean 
profitability,  
€/ha 
Maize 
monoculture 
Maize Plowing 
1 tillage 
1  hoeing 
200 N 
55 P 
40 K 
2 herbicides 
0.5 
insecticide 
2500 12.5 18.3 1129 175 1058.5 
Wheat / 
Sunflower 
rotation 
Wheat 2 tillage 190 N 
60 P 
40 K 
2 herbicides 
1.5 
fungicides 
0 6.5 6.3 763 190 472 
Sunflower Plowing  
1  hoeing 
60 N  1 herbicide 
0.5 anti 
slugs 
0 2.6 5.4 499 320 333 
 
 
Table S2: Decision rules for scores of criteria from indicator values.  Values represent the change in the indicator, in percentage or qualitatively, from 
baseline to alternative cropping systems.  The threshold includes the indicated value.  
Assessment indicator 
Value for 
score of -2 
Value for score of -
1 
Value for 
score of 0 
Value for score of 
+1 
Value for 
score of +2 
N fertilizer applied/ha  > + 50  +10 / + 50  -10 / +10  -10 / -50 < -50 
Treatment Frequency Index > + 50  +10 / + 50  -10 / +10  -10 / -50 < -50 
Metabolizable energy produced per unit area  < -25 - 25 / -10 -10 / +10 +10 / +25 > +25 
Protein produced per unit area < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Metabolizable energy produced per N-input unit < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Protein produced per N-input unit  < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Frequency of perennial crops in rotation < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Frequency of legume crops in rotation < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Frequency of deep tillage/year > + 50  +10 / + 50  -10 / +10  -10 / -50 < -50 
Number of species < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
% of the area under semi-perennial cover < -25  - 25 / -10  -10 / +10  +10 / +25 > +25 
Gross margin  < -20  -20 / 0 0 0 / +20 > +20 
Working time for cropping practices > + 20  +20 / +10  +10 / - 10  -10 / -20 < -20 
Work complexity Low to High 
Low to Medium or 
Medium to High 
No change 
Medium to Low or 
High to Medium 
High to Low 
Total irrigation water per unit area > + 50  +10 / + 50  -10 / +10  -10 / -50 < -50 
Contribution to new supply chain development High to Low 
High to Medium or 
Medium to Low 
No Change 
Low to Medium or 
Medium to High 
Low to High 
Production volumes of key crops High to Low 
High to Medium or 
Medium to Low 
No Change 
Low to Medium or 
Medium to High 
Low to High 
  
 
 
Table S3: Scores of criteria for baseline and alternative CS.  
The scores illustrate the direction (improve / worsen) and magnitude (moderately / strongly) of differences, expressed in %, between baseline and 
alternative cropping systems (CS) for each criterion. Thresholds are given in Supplementary Table S2. For the indicators “Frequency of perennial crops in 
rotation”, “frequency of legume crops” and “% of the area under semi-perennial cover”, we arbitrarily gave the same difference in % for alternative CS; 
since the baseline is zero, the percentage makes no sense. The final score was +2 for each criterion, and we considered it “strongly improved”.  
 Maize based CS Wheat-Sunflower based CS 
Assessment indicator Baseline  
Alternative 
Alf-M CS 
Difference 
(%) 
Alternative 
Alf-M CS 
score 
Baseline  
Alternative 
Alf-Wh-Sun 
CS 
Differenc
e (%) 
Alternative 
Alf-Wh-Sun 
CS score 
N fertilizer applied/ha 200 90.8 -55 2 125 63.6 -50 2 
Treatment Frequency Index 2.5 1.25 -50 2 3 1.4 -53 2 
Metabolizable energy produced per 
unit area 
31363 25616 -18 -1 15700 17487 11 1 
Protein produced per unit area 950 1345 42 2 617 1098 78 2 
Metabolizable energy produced per 
N-input unit 
157 282 80 2 126 275 119 2 
Protein produced per N-input unit 5 15 300 2 5 17 250 2 
Frequency of perennial crops in 
rotation 
0 0.5 50 2 0 0.4 40 2 
Frequency of legume crops  0 0.5 50 2 0 0.4 40 2 
Frequency of soil tillage/year 2 1.1 -45 1 1.5 1 -33 1 
Number of species 1 2 100 2 2 3 50 2 
% of the area under semi-perennial 
cover 
0 50 50 2 0 40 40 2 
Gross margin 1058.5 811.75 -23 -2 402.5 434.1 8 1 
Working time for cropping practices 18.3 11.75 -36 2 5.8 5.7 -2 0 
Work complexity Low Medium ↘ -1 Low Medium ↘ -1 
Total irrigation water per unit area 2500 1250 -50 2 0 0 0 0 
Contribution to new supply chain 
development 
Low High ↗ 2 Low High ↗ 2 
Production volumes of key crops High Medium ↘ -1 Medium Low ↘ -1 
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Abstract 
Crop-livestock integration promises more sustainable farming systems; however, technical and 
organizational challenges exist, especially at the territory level, where coordination issues arise. 
Recently promoted by researchers, locally-adapted territorial crop-livestock systems remain more 
theoretical due to lack of methods for their design and of application to concrete examples to analyze 
their benefits and limits. This article presents a participatory design of crop-livestock integration 
scenarios among farms. It is based on 24 farm surveys and collective workshops with a group of 
organic farmers in southwestern France who generally specialize in crop or livestock production. 
Analysis of current farming systems shows potential complementarities between supplies of crop 
farmers and demand of livestock farmers that nearly allow for self-sufficiency at the collective level. 
However, designed scenarios focus on the most realistic options: alfalfa and cereal-legume mixtures, 
already produced by some livestock and crop farms, and straw-manure exchanges. These options for 
change could decrease importation of organic fertilizers into cropping systems and promote feeding of 
animals with local products. Based on a rationale of solidarity among farmers, it could result in 
collective investments in new supply chains or new enterprises. The incremental design of options for 
change, with their implementation conditions and analysis of individual and collective benefits, went 
far in encouraging reflection and developing the scenario that will be tested with the group of farmers. 
It also outlines the importance of adaptive methods and stakeholder involvement in research on crop-
livestock integration at the territory level.  
Keywords: crop-livestock integration; organic farming; collective action; autonomy; 
agroecology; territory.  
 
1. Introduction 
 
Integrated crop-livestock systems are often seen as models of sustainable agriculture that 
yield good performances due to complementarities between activities and land use that 
enhance nutrient cycling and ecosystem services (Havet et al., 2014; Lemaire et al., 2014; 
Russelle et al., 2007). Historical dynamics and economic rationality in developed countries 
led to farm overspecialization (Poux et al., 2009), far too intensive to be sustainable 
(Rockström et al., 2009). Recent studies are interested in the opportunity to develop crop-
livestock interactions at the local level (Lemaire et al., 2014; Moraine et al., 2014;  
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Peyraud et al., 2014) as a way to overcome constraints at the farm level (e.g. to reintroduce 
animals on arable farms) and benefit from synergies between activities. It is assumed that 
such “Territorial Crop-Livestock Systems” (TCLS), based on exchanges (e.g. grain, forage, 
manure, animals) between different farming systems, are a way to address both agricultural 
issues at the farm level (e.g. self-sufficiency, work management) and environmental issues at 
the local level (Asai and Langer, 2014; Moraine et al., 2014). By “territory” we mean an area 
consistent with ecological processes and socioeconomic activities.  
Several studies have developed methodologies to design and assess agricultural systems that 
address environmental issues at the territory level: water quantity (Castelletti and Soncini-
Sessa, 2007; Murgue et al., 2015), water quality (Moreau et al., 2012; Pahl-Wostl and Hare, 
2004; Ravier et al., 2015), pollination ecosystem services and biodiversity (Berthet et al., 
2012). In these studies, the challenge of dealing with incomplete scientific knowledge about 
key causal relationships encouraged researchers to reframe the scientific question within the 
context of action and hybridize local and scientific knowledge with stakeholder perceptions 
(Pahl-Wostl, 2007). Designing TCLS typically require this type of scientific position, since it 
investigates multi-level and multi-domain solutions to organize nutrient cycling and 
ecosystem services delivery (Zhang et al., 2007; Swinton et al., 2007) and raises issues about 
coordination among stakeholders (Moraine at al., 2014). A typical example is the work of 
Asai and Langer (2014), who show the benefits of partnerships among farmers for manure 
exchanges under conditions of confidence and acquaintanceship among them. Environmental 
and agronomic benefits of crop-livestock integration are thus deeply embedded in 
coordination issues, social dynamics and farmers’ motivation to collaborate. Consequently, 
we propose designing a TCLS scenario, i.e. the technical and organizational functioning of 
farming systems in a collective TCLS. For this we consider TCLS as socio-ecological 
systems, i.e. studying ecological components (e.g. natural resources, ecosystems) and social 
components (e.g. farmers’ decisions, social context, supply chains and commercialization, 
political context) together.  
Moraine et al. (2014) developed a conceptual framework of crop-livestock integration issues, 
relevant processes and expected benefits to clearly identify trade-offs in managing and 
encouraging systemic design of TCLS as a “complex adaptive system”. Its use in several 
European case studies shows that it facilitates design of integrated crop-livestock systems but 
is limited by its qualitative and rather theoretical design and assessment approach. 
Complementary quantitative methods must be developed to account for specific 
characteristics of investigated systems. For use with stakeholders in a design and assessment 
approach, they must be flexible and frequently based on ad-hoc tools (Etienne, 2010). 
Methods exist to adapt farming practices to uncertain changes such as climate change (Martin 
et al., 2011) and develop intermediary objects, such as serious games, that encourage co-
construction of research questions and methods that reflect the real constraints farmers 
encounter. To our knowledge, such methods have not been developed to help stakeholders 
design TCLS scenarios, as proposed by Martin et al. (submitted). 
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This study contributes to development of methodologies for designing and assessing TCLS 
scenarios. It also aims to improve understanding of synergies, benefits and limits of crop-
livestock integration among farms. We investigate two main questions: (1) Which tools and 
degree of precision in understanding farmers’ decisions and practices are necessary to support 
the participatory design of a TCLS scenario? (2) What are the conditions for a collective 
organization that supports TCLS and addresses technical, economic and social issues? These 
latter phenomena involve nonlinear processes at different scales (Ravera et al., 2014): 
flexibility in work organization vs. workload and complexity, diversification of crop patterns 
vs. logistic or marketing issues, and collective action vs. coordination costs. Identifying and 
analyzing them with a farmers’ group is a methodological challenge and also a necessary 
condition for success in developing a TCLS. It implies that the design methodology 
anticipates future benefits and difficulties. It must also be credible (technical options for 
change are feasible), salient (effective in supporting farmers’ decision-making processes) and 
legitimate (consistent with farmers’ values and perspectives) (Cash et al., 2003).  
Our study involved a group of organic farmers that we led through iterative sequences of 
diagnosis/design/assessment.    
2. Materials and methods 
A major concern in our methodology was to allow active participation of involved farmers 
during the entire research project. It was developed to integrate operational questions and 
farmers’ questions at both individual (farm) and collective levels.  
2.1. Case study: a group of organic farmers in a highly diverse 
agricultural area  
 
The study was conducted with a group of organic farmers in Tarn-et-Garonne, a region in 
southwestern France with highly diversified agricultural landscapes. The region is divided 
into four agricultural subregions (Fig. 1): 
 North: “Bas-Quercy”, clay-limestone hills with mostly diversified farms with cereals, 
livestock, fruit trees and some vegetables due to a fertility gradient; e.g. between poor 
soils on slopes and better soils in bottomlands. 
 East: “Causses of Quercy”, karstic relief (200-500 m in elevation) with a dry climate 
and poor soils, mainly containing extensive livestock production such as pastoral 
systems.  
 Center: “Terraces of Garonne”, alluvial terraces close to river beds, with fertile soils 
and much irrigation infrastructure. Irrigated fields are mainly covered by maize, fruit 
trees, vegetables, melon, and some cereals. Wheat and sunflower strongly dominate 
rainfed fields. 
 Southwest: “Plain of Lomagne”, plains and small hills with diverse soil types, often 
shallow soils with low organic matter content, dominated by rainfed cereals and some 
remaining livestock systems.  
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The farmers’ group consists of 24 farmers distributed within this territory (Fig. 1), ranging 
from specialized crop farmers (n=10) to specialized livestock farmers (n=14). The maximum 
distance between them is 70 km east-to-west and 40 km north-to-south. They all belong to a 
formal farmers’ association with technical advisors. Their ages and years of farming are 
relatively balanced: 12 farmers have more than 20 years of activity, with relatively recent 
conversion to organic farming; 8 are young farmers who started less than 10 years ago and 4 
are in-between. Some farmers had previously worked together or knew each other but many 
had no relationship before the project.  
The farms’ structures are highly diverse (Table 1): 12 are individual farmers, while others 
have two or more associates. Diverse farm structures coexist: 
- “free-range animal systems” (n=5): livestock farms distributed over the area (goats, 
pigs, and poultry) with little land (1-12 ha), most of it permanent grassland for 
animals. An additional activity is often present (e.g. processing, hosting tourists), 
always with direct sales. In this type, self-sufficiency is not defined as a central 
objective and is not possible in any case, due to a lack of workforce, land and skills in 
crop production.  
- “grass-based ruminant systems” (n=5): mainly located in the eastern part of the area, 
they are livestock farms (sheep, cows and goats) with extensive systems based on 
grass, with small to large farms (16.5-300 ha, mean=140 ha) dominated by grasslands 
(mean=132 ha) and few cereals on the remaining area. They all practice direct sales. 
Self-sufficiency is targeted by utilizing grass resources and on-farm cereal production, 
but usually some supplements are purchased, especially for protein supply. 
- “diversified crop-livestock systems” (n=4): grouped in the northern part of the area, 
they are mixed systems with crops dedicated to animal feed, with moderate areas for 
poultry farms (10 and 23 ha) and larger areas for beef and dairy farms (109 and 112 
ha). Three farms practice direct sales. Self-sufficiency is identified as an important 
challenge; farmers try to manage their livestock requirements but often remain 
dependent on external feed inputs.  
- “field-crop systems” (n=10): mainly in the central and southern parts of the area, they 
are crop farms with diversified crop rotations including high added-value crops such 
as pulses (lentils, chickpeas) or field vegetables (garlic, onions). They also have either 
fruit trees, processing units for bread making or small duck enterprises for foie gras. 
Farms are moderate to large (32-130 ha), and all have some permanent grasslands 
inherited from previous livestock enterprises.  
The farmers often sell their products through direct sales, mostly locally developed due to the 
diversity and quality of products and the proximity of consumers in major cities and from 
active tourism activities. They also work with cooperatives or merchants depending on their 
opportunities and relations with these actors. 
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Figure 1. Locations of farms in Tarn-et-Garonne’s main agricultural areas. Gray lines outline the 
administrative district of Tarn-et-Garonne. 
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Table 1: Structure and production of farms in the farmers’ group. L: Livestock farm; C: Crop farm. 
Main production is the most important in terms of income and time requirements. Grassland area 
represents the total area under permanent grasslands, temporary grasslands and rangelands. UAA: 
Usable Agricultural Area. 
Farm 
code 
Years of 
farming 
Full-time 
workers 
Main production (number of 
productive animals) 
Secondary 
production / 
activity 
UAA 
(ha) 
Grassland 
area (ha) 
Cereal 
area (ha) 
L1 1 2 Dairy goats (40) Fruit trees 12 6 0 
L2 30 2 Meat sheep (200) Cereals 300 296 4 
L3 35 3 Dairy cows (50) Pigs (15) 132 118 14 
L4 2 1 Meat sheep (380) Beef cows (15) 202 193 9 
L5 6 1 Pigs (50) Tourism 4 4 0 
L6 25 1 Beef cows (12) Tourism 42 38.3 7.5 
L7 10 1 Chicken eggs (270) Fruit trees 6.5 3.8 2.1 
L8 1 2 Chicken (450) Vegetables 10 2 2 
L9 27 2 Dairy cows (50) Fruit trees 109 54.2 15.3 
L10 0 1 Chicken (200) 
 
1 1 0 
L11 3 2 Dairy goats (135) Cheese 16.5 16.5 0 
L12 15 2 Chicken and chicken eggs (1600) 
 
23 2.7 20.3 
L13 0 1 Chicken (200) 
 
3 3 0 
L14 37 2 Beef cows (55) 
Off-farm 
employment 
112 73.8 31.2 
C1 28 1 Pulses Cereals 97 30.9 35.3 
C2 2 1 Bread Cereals 29 3.3 8.8 
C3 21 1 Cereals Fruit trees 32 1.5 16 
C4 29 0.5 Cereals 
Off-farm 
employment 
76 22.7 29.5 
C5 13 2 Cereals Vegetables 64 8.7 18.8 
C6 31 1 Cereals Ducks 63 23.8 19.2 
C7 16 1 Cereals 
 
86 12.2 36.9 
C8 32 2 Cereals 
 
62 15.2 24.2 
C9 24 5 Cereals Fruit trees 54 5 18.5 
C10 24 1 Cereals Vegetables 130 42 29 
2.2. Methodology of participatory scenario development in the 
farmers’ group 
2.2.1. General six-step approach 
Our methodology consists of six steps to develop a TCLS scenario in a farmers’ group (Fig. 
2). A TCLS scenario is the combination of technical options for change on individual farms 
and organizational options for exchanges among them. A technical option for change 
corresponds to change in cropping systems (CS) or in animal feeding, while an organizational 
option corresponds to a way in which exchanges between farmers are organized. 
The first step, identifying the challenges and issues of crop-livestock integration, was 
conducted in two workshops with farmers and the technical advisor of the association at the 
beginning of the project. It comprises collectively discussing objectives that the final scenario 
must achieve and values with which it must remain consistent.  
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The second step consists of diagnosing the farms to describe them in detail and to identify 
objectives and expectations of individual farmers. We conducted semi-structured interviews 
in 24 farm surveys, starting with the open question “Can you describe your farm as it is 
today?” and progressively collected data on production resources (e.g. types of soils and their 
advantages and disadvantages, equipment, irrigation, workforce), technical practices (e.g. 
detailed cropping and/or livestock systems and their evolution in recent years), farmers’ 
perceptions of strengths and weaknesses, sustainability issues, social and economic 
performances of their farms, and farmers’ objectives. Specific time was dedicated to 
discussing the expectations and perceived difficulties of the project of exchanges. It aimed to 
identify the technical options for change in CS and practices the farmer would voluntary 
implement or always refuse.  
The third step consists of analyzing the farm surveys to evaluate the production potential and 
needs for main agricultural products at the collective level. We estimated livestock needs by 
animal type for fodder crops, cereals and protein crops using scientific references (INRA, 
2007). Potential crop production was estimated based on farmers’ information about crops for 
exchange (new or already present on the farm), potential production area and observed yields. 
For crops not yet produced on the farm, we used either the yield of neighboring farms 
growing this crop or, if no data existed, the regional yield reference published by the regional 
federation of organic farmers. Organic manure production was quantified using local 
references, while the willingness of livestock farmers to provide manure to crop farms was 
assessed from a direct question in the survey.  
The fourth step consists of identifying strengths and weaknesses of technical and 
organizational options for change, to establish specific options. Based on the farm survey, we 
determined what crop farms could produce, what livestock farms could buy, and how 
exchanges could be developed. We then generated three technical options and three 
organizational options of exchanges between farms. These options were presented and 
discussed in the design workshop, in which farmers were asked to identify strengths and 
weaknesses of each one and to select the most suitable options. The participants were asked to 
write, on colored paper, five strengths and five weaknesses of technical and organizational 
option combinations. The cardboard was collectively sorted and commented on (Ryschawy et 
al. 2012). After discussing the main strengths and weaknesses of each combination, 
participants selected the combination (TCLS scenario) they considered the most interesting. 
This half-day workshop led by researchers involved eight farmers and the technical advisor of 
the association.  
The fifth step involved evaluating the TCLS scenario using the multicriteria assessment grid 
developed by Moraine et al. (submitted). It distinguishes the key domains of sustainability in 
crop-livestock integration: system metabolism, ecosystem services, socioeconomic 
performance, knowledge management and social embeddedness. Each domain is divided into 
sub-domains and criteria. We selected key indicators for each criteria of the grid (Table 2). 
We first evaluated performances of selected technical options with quantitative indicators (i.e. 
system metabolism, ecosystem services, economic performance) and then performances of 
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organizational options at the farm and g roup levels with qualitative indicators (i.e . socia l 
performance, knowledge management, social embeddedness). 
The six th step includes collective discussi on of  the multicriteria assessment of  the  TCLS 
scenario, which was conducted in a dedicated workshop. Results of  technical options at the 
farm level and ratings of qualitative c riteria for  the scenario were presented and discussed. 
During this workshop, which included 15 farmers and the association advisor, we adjusted the 
hypothesis created to assess the scenario and discusse d a  plan of a ction to implement the 
scenario in practice. 
Figure 2: Summary of the six steps of the methodology, describing stakeholders involved, main 
outcomes and use of the information. 
2.2.2. Multicriteria assessment of the scenario 
The multicriteria grid developed by Moraine et al. (submitted) was adapted to the farmers’ 
objectives for the project, using the original.  
System metabolism is assessed by self-sufficiency in fertilizers (amount of exogenous sources 
of N per ha) for CS and in animal feed (amount of exogenous fodder/concentrates/straw) for 
livestock systems, as proposed by Lopez-Ridaura et al. (2002). “Exogenous” means products 
that do not come from farms of the district. We analyzed self-sufficiency levels for fodder, 
raw (unprocessed) cereals, alfalfa, concentrates (processed cereals supplemented with protein 
products) and straw for bedding.  
Ecosystem services focuses on two ke y input  se rvices: soil fe rtility maintena nce and 
biological regulations. These services represent crucial processes for the “immune function” 
of the system ( Bonaudo e t al., 2013; Gliessman, 2007), especially in  or ganic f arming, in  
which pesticides are not used. To assess soil fertility maintenance, we use a proxy (indicators) 
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of chemical, physical and biological fertility: “permanent cover of soils”, “legume crop 
frequency in crop rotation” and “soil disturbance by tillage practices” (Diacono and 
Montemurro, 2010). Biological regulation is estimated by the diversity of crops and the 
abundance of semi-natural habitats at the landscape level (Koohafkan et al., 2011; Ratnadass 
et al., 2012).  
Socioeconomic performance has two main pillars: work management, often identified as a 
critical problem in diversified crop-livestock systems (Moraine et al., 2014), and economic 
viability, which is essential for farmers to accept the systems. Work management includes 
both workload, i.e. the amount of work, and work-quality issues, which is assessed by 
estimating the frequency of periods of overwork and the physical difficulty farmers 
experience (Craheix et al., 2012). Economic viability depends on the profitability of 
production systems, determined by production costs and selling prices. We measure 
profitability using the gross margins of CS, estimated from local references of production 
costs, data about practices (type and quantity of inputs) and yields from farm surveys, and 
estimated selling prices (Supplementary Tables S1 and S2). For livestock farms, we 
considered only costs of purchased animal feed, the estimation of all costs (e.g. veterinary, 
reproduction, buildings) being too complex to implement and too far removed from our 
subject of research. 
Knowledge management corresponds to the social learning and capacity building in the 
scenario. They are assessed through three criteria: farmer autonomy, knowledge 
capitalization, and adaptive capacity, which are represented by qualitative indicators. Farmer 
autonomy means the ability of farmers to decide for themselves their marketing strategies and 
technical practices (i.e. decisional autonomy). Knowledge capitalization is also important for 
developing innovative practices. As observed by many authors (Houdart et al., 2011; Wu and 
Zhang, 2013), social proximity between farmers is a resource for diffusing and testing new 
practices when collective dynamics generate new ideas and increase members’ self-
confidence. Adaptive capacity is defined as the ability to manage both strategic planning of 
production systems in the long run and the tactical shift required to cope with annual 
conditions. It is assessed by comparing (e.g. the opportunity to switch from grain to silage).  
Social embeddedness deals with relations of the TCLS with other stakeholders in the territory 
and with public policies. TCLS may contribute to social acceptability of agriculture through 
the quality of landscapes shaped by agriculture, the opportunity to develop direct producer-
consumer relationships, product quality and animal welfare. TCLS may also contribute to 
local economic dynamism through tourism activities, development of local supply chains and 
new activities. Embeddedness in public policies refers to the contribution of TCLS to local 
and global sustainability issues. The associated indicators are the number of new organic 
farmers established, the number of conversions to organic farming, and the impact of farming 
on water quality (e.g. nitrate emissions and erosion).  
To complete the multicriteria grid, we filled quantitative indicators with values from farm 
surveys (current situation) and technical options designed in the collective workshop (scenario 
situation), and qualitative indicators with farmers’ collective experiences discussed during the 
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design workshop., All indicators were then rated (from +2 for “strongly improved” to -2 for 
“strongly degraded”) to illustrate the difference between the current situation and the scenario 
(Supplementary Table S3). Indicator ratings of each criterion were averaged (without 
weighting) to determine criteria ratings, which were then averaged per synthetic criterion to 
determine ratings of the latter. This aggregation method was inspired by Sadok et al., (2009) 
and has been used in other multicriteria assessment tools (e.g. Ravier et al., 2015). It provides 
synthetic representation of the performances of alternative scenarios.  
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Table 2: Multicriteria assessment domains, synthetic criteria, criteria and indicators to assess the crop-
livestock integration scenario in the farmers’ group. Asterisks denote indicators that qualitatively 
estimated at the group level. Other indicators are quantitative indicators estimated at the individual 
level and averaged for the group.  
Domain of 
assessment 
Synthetic 
criterion 
Criterion Indicator 
System 
metabolism 
Self-sufficiency 
Crop systems Amount of exogenous N-source fertilizers (t N/year) 
Livestock systems  
Amount of exogenous fodder (t/year) 
Amount of exogenous concentrates (t/year) 
Amount of exogenous straw (t/year) 
Ecosystem 
services 
Soil fertility 
maintenance 
Organic manure 
application 
Area of arable land receiving organic manure (ha) 
Symbiotic fixation of 
N 
Percentage of legume crops in the crop rotation (%) 
Biological 
regulation 
Diversity of crops at 
field level 
Duration of crop rotations (years) 
Number of botanical families  
Diversity of land use 
at landscape level 
Abundance of grasslands in landscape* 
Socioeconomic 
performance 
Work 
management 
Workload 
Work quality 
Amount of work * 
Difficulty of work * 
Economic 
viability 
Stability of costs Stability of supply and prices * 
Added value of 
products 
Development of quality labels * 
Direct sales and collective shops *  
Use of by-products * 
Profitability 
Gross margins in crop rotations (€/ha) 
Costs of animal feeding systems (€) 
Knowledge 
management 
Social learning 
and capacity 
building 
Autonomy of farmers 
Independence from commercial organizations* 
Institutionalization of groups*  
Structure of exchanges* 
Knowledge 
capitalization 
Exchange of practices and results of trials* 
Adaptive capacity 
Strategic planning and tactical adaptation to annual 
conditions* 
Social 
embedded-ness 
Embeddedness of 
agriculture in 
territory 
Social acceptability of 
agriculture 
Landscape quality* 
Direct producer-consumer relationships* 
Animal welfare * 
Quality of products* 
Contribution to local 
economic dynamism 
Tourism activities * 
Development of local supply chains and new 
activities* 
Integration in 
public policies 
Contribution to local 
and global 
sustainability issues 
Establishment of new organic farmers* 
Conversion to organic farming* 
Impact of farming on water quality* 
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3. Results 
3.1. Challenges and issues of crop-livestock integration in the 
farmers’ group 
Many farmers target self-sufficiency to reduce production costs and diversify activities. 
Depending on their skills and farm structure, they generally still depend on exogenous inputs 
to fertilize crops or feed animals. The issue of self-sufficiency is transversal to other concerns, 
such as stability of economic performances and adaptive capacity to changing contexts. For 
livestock farmers, purchasing organically certified animal feed is expensive and depends on 
exogenous markets (e.g. soybean from India certified non-genetically modified). For crop 
farmers, managing crop rotation diversity to control pests, diseases and weeds requires 
introducing crops with no specific market or uncertain commercial outlets. Crop farmers also 
must find organic fertilizers, for which they develop and often combine two strategies: getting 
animal manure from livestock farms and purchasing organic fertilizers from the supply chain. 
The former is less expensive and increases soil organic matter content, but animal manure can 
be scarce. The latter is much more expensive, though it has a good N fertilizing value. For 
ethical reasons, many farmers in the group prefer a local supply of animal feed and organic 
manure, believing that agricultural systems should function at very local scales. The economic 
argument is also of primary importance; farmers believe that organizing direct exchanges 
between crop and livestock farms could reduce costs due to the absence of intermediaries. 
This would allow switching from expensive processed products to rawer but still valuable 
products. It would also increase price stability, under the condition of maintaining fair prices 
for each other over the course of 5 years.  
Due to economic and agronomic issues, crop-livestock integration is a concern in the farmers’ 
group. Social dynamics also appear important to them. They identify a lack of technical 
exchanges and sharing of experience. They also feel isolated because they are in the minority, 
and for young farmers recently established in unconventional farming systems, they have 
doubts about their legitimacy and competency in farming. One major challenge is supporting 
the farms of recently established farmers and stimulating the establishment of new farmers, 
especially in organic farming. This corresponds with national policies for development of 
organic farming and efforts of the regional council, which has invested 7.6 million euros to 
support organic farming in the 2013-2020 orientation plan (Région Midi-Pyrénées, 2014).  
3.2. Initial diagnosis of potential complementarities in the 
famers group 
 
3.2.1. Low self-sufficiency and high production costs on livestock farms 
Despite the diversity of farm types for livestock farms, common concerns about providing 
animal feed were identified. Fodder production covers a mean of 91% of the usable 
agricultural area (UAA) of livestock farms, mainly pastures/rangelands, permanent 
grasslands, temporary grasslands and forage crops. Only one farmer is able to sell fodder to 
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other farms. Grass is almost the only possible production in the “Causses” area, where only 
few lowland areas have soils deep enough to grow arable crops. In other areas, grass is often 
preferred because an economic fodder and a “natural” way of feeding ruminants. Five out of 
14 livestock farmers have no arable crops because they have no suitable land or lack skills in 
crop production.  
 
Figure 3. Land use in livestock and crop farms. “Cereal-legume mixtures” are diverse associations in 
which cereals are usually wheat, triticale, or barley and legumes are usually peas, faba bean or vetch. 
Gray areas are crops which will not be impacted by the scenario.  
The level of self-sufficiency differs greatly among livestock farms (Fig. 4).  
Of the eight ruminant farms, five purchase fodder, mainly grass hay, representing 
approximately 342 t DM purchased each year, in total. Diverse strategies are followed: for 
example, livestock farmer 2 (L2), an meat ovine producer, covers all his alfalfa needs and 
produces 30% of the concentrates he uses but imports raw fodder and straw, whereas L4, also 
a meat sheep producer with similar area and livestock density, is self-sufficient in raw fodder 
due to temporary grasslands but imports many cereals and concentrates. Both are constrained 
by limited arable area, but make different use of it: L2 rotates cereal-legume mixtures with 
alfalfa, while L4 grows multispecies temporary grasslands. All farms purchase raw cereals 
(mainly barley, wheat, and maize) or concentrates (annual totals of 225 t and 573 t, 
respectively). Straw is purchased on 12 farms (333 t per year).  
L6 and L12 are interesting to analyze because they have the highest levels of self-sufficiency 
in the group, but their interest in the project is to develop new activities. L6 is currently self-
sufficient, producing beef with 12 cows, for a total of 19 livestock units (LU) on 42 ha 
(livestock density = 0.4 LU/ha). This small production is given added value by direct sales 
and is supplemented by income from tourism. His expectation in the project is to find cereals 
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and protein for developing a poultry enterprise in association with young farmers who might 
take over his farm when he retires. 
L12 produces poultry (chicken, ducks, eggs, and geese) on 23 ha (11.3 LU and 0.5 LU/ha), 
produces cereals and cereal-legume mixtures and achieves self-sufficiency for these products 
due to competent technical management. He purchases straw and specialized concentrate feed 
for chickens. He is interested in developing infrastructure to process and condition products 
and organize collective sales to local public institutions.  
Figure 4. Sel f-sufficiency of  l ivestock f arms in f odder, a lfalfa, cereals, con centrates a nd st raw 
according t o the usable agricultural a rea. S elf-sufficiency ( %) i s calculated by di viding t he annual 
mass of products purchased by  t he sum of  al l products used ( including on -farm production). Farms 
that do not use a given category of product have no corresponding symbol. Li: Livestock farm i. 
Farmers declared that so ybean mea l has a b ad i mage for  consumers, and li vestock farmers 
who sell their  pr oducts in direct sales pr efer t o be  able to guarantee the local origin of 
feedstuff. The livestock farmers’ main expectations for the exchange scenario are to develop 
stable exchanges between farmers and to  guarantee the  provision of high-quality cereal and 
protein crops with a possible reduction in costs.  
3.2.2. Crop farms: diversified systems threatened by a decline in soil fertility 
Crop farms have high diversity in crop patterns: 3-7 crops per CS and several CS on the farm. 
They im plement long a nd diver sified crop rotations to manage pe sts a nd disea ses, include 
legumes to maintain soil fertility and benefit from market opportunities. Many crop farmers 
traditionally grow pulse s and fie ld vegetables because of land suitability and p roximity of  
consumers in town markets or through direct sales on the farm. These crops have high added 
value, and farmers do n ot want to modify their production levels in the options for change. 
More c lassic crops such a s wheat and so ybean a re a  lar ge pa rt of crop rota tions. Often 
cultivated for  human consumption, the y also yield large gross margins, and f armers a re 
reluctant to reduce their  a rea. Only thr ee f armers grow multi-cereal mixtures and c ereal-
legume mixtures, despite their acknowledged interest in organic CS. They mainly prefer pure 
crops because local supply chains rarely buy mixtures. A high percentage of grassland is also 
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present, which is dominated by temporary grasslands included in the crop rotation for 
agronomic benefits. Alfalfa is associated with other species in a high percentage of these 
grasslands. However, several farmers in the group are interested in introducing or extending 
alfalfa on their farm. 
Several crop farmers in the group formerly had animals on their farms. Because of time 
constraints and low profitability, they abandoned livestock enterprises to focus on crop 
production. Some developed processing units for their crops, such as mills or oil presses. Crop 
fertilization and, in the long run, soil fertility are considered crucial issues in these systems in 
which livestock have disappeared.  
Many crop farmers apply organic fertilizers (based on animal byproducts such as feather meal 
or dried blood) on the most demanding crops (onion, garlic, wheat, and maize) as sources of 
N, but they are extremely expensive. The quantities of N fertilizers applied range from 70-175 
kg/ha, on areas ranging from 9-41% of the UAA. This represents a total of 11.2 t N/year 
(Table 2). Farmers who do not apply fertilizers are either recently established (C2), have 
recently stopped livestock activity (C6), or have fairly fertile soils (C4, C9). Farmers who 
apply low levels of fertilizers have recently stopped livestock activity (C3, C5) or have alfalfa 
in the crop rotation (C8, C10). Farmers who apply the most fertilizer (C1, C7) have cereal-
dominated rotations and do not consider it possible to obtain animal manure. The organic 
fertilizers used act as mineral fertilizers: they provide nutrients to the plants but do not help 
maintain soil fertility. Some farmers experienced a decline in yield, such as C9, who declared, 
“We cruelly lack animals on our farms!” 
To manage soil fertility and maintain high diversity in crop rotations, crop farmers expect to 
increase the area under temporary grassland, especially alfalfa or clover, and to introduce 
cereal-legume mixtures as an alternative to pure cereal crops. For this, they look for stable 
outlets and direct interactions with livestock farmers. 
Table 3. Fertilization management on crop farms. Data came from farm surveys. 
Farm code 
N fertilization 
(kg/ha) 
Fertilized area 
(% UAA) 
Total N purchased 
(t/year) 
C1 70 41 2.8 
C2 0 0 0 
C3 90 9 0.27 
C4 0 0 0 
C5 175 16 1.75 
C6 0 0 0 
C7 100 37 3.2 
C8 100 26 1.6 
C9 0 0 0 
C10 100 12 1.5 
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3.3. Towards changes in practices: technical options 
3.3.1. Technical options in cropping and livestock systems 
Based on the diagnosis of farms and discussions of strengths and weaknesses of technical 
options during the design workshop, we identified several technical options for change in 
practices. A first option for change on livestock farms concerns integration of raw cereals and 
fodder produced by crop farmers. The introduction of protein-rich fodder (alfalfa hay) helps 
meet the protein needs of animals initially fulfilled by soybean meal. Farmers planned to test 
this option for the first time on non-productive animals (e.g. dry cows and heifers in dairy 
systems) and, if successful, extend it to the entire herd.  
A second option is to compost part of the livestock system’s manure to supply crop farmers. 
Composting manure facilitates its transportation and reduces the risk of introducing weed 
seeds to fields. Farms with confined animals (e.g. poultry) and livestock farms with manure 
spreading limitations, such as in Natura 2000 areas, are particularly concerned, since they 
often do not have enough agricultural area to spread their N-rich animal waste. This option is 
of particular importance since it is considered a strong incentive for crop farmers to 
participate in the exchange project. 
Circulation of animals on crop farms is also an option envisaged for certain animals (heifers, 
beef cows). The animals could use permanent grasslands or temporary grasslands in crop 
rotations, and perhaps crop residues or cover crops, if suitable. Circulating animals between 
farms requires installing fences and coordinating watching of and caring for animals. The 
introduction of livestock enterprises on crop farms was also envisaged. Since some crop farms 
have unused buildings, animals confined in these buildings could generate organic manure 
locally. This option would be supported by partnerships between livestock and crop farmers 
for knowledge exchange and technical and organizational support. 
On crop farms, farmers envisaged partial replacement of pure cereal crops by cereal-legume 
mixtures. This is practiced by one crop farmer and three livestock farmers in the group and is 
often observed on organic farms in the area. The farmers using this practice explained that 
crop associations reduce the incidence of crop diseases, sustain yields despite low or no 
fertilization and, because of their often high soil cover, provide adequate weed control. Crop 
farmers also need to know which species in which proportions may interest livestock farmers. 
They associate high uncertainty with cereal-legume mixtures; some declare “knowing what 
you sow, you cannot know what you will harvest”. To overcome these limitations, livestock 
farmers who know how to associate crops could help crop farmers calibrate their mixtures.  
The introduction of alfalfa in crop rotations is also an option to provide livestock systems with 
high-quality fodder. In this case, harvesting would be done by livestock farmers who have the 
equipment and technical know-how necessary to do it. Straw-for-manure exchanges are 
envisaged. Although many crop farmers prefer to return straw to the soil to maintain soil 
organic matter, up to half of the straw could be exported to livestock systems in exchange for 
animal manure, which is more beneficial for soil fertility.  
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Finally, discussion turned to the selection of technical options for transferring cereal-legume 
mixtures, alfalfa, and straw from crop farmers to livestock farmers, and the release of some 
animal manure from livestock to crop farms (Fig. 5). The potential supply and demand of the 
exchangeable products at the group level (Table 4) reveals complementarities between supply 
and demand, with a relatively limited supply of cereal-legume mixtures and straw. As farmers 
expected, manure suppl y is the most li mited, because li vestock farmers a re cautious about 
giving away animal manure. 
Table 4. Type and volume of potential exchanges in the farmers’ group. 
Product
Estimated 
potential 
exchanges 
(t/year)
Estimated 
potential needs 
(t/year)
Potential 
coverage of 
needs (%)
Alfalfa 668 779 86
Cereal-legume mixtures 237 562 42
Straw 155 333 47
Manure 585 1870 31
Figure 5. Diagram of the current situation and the technical options in the scenario. Circles represent 
production systems grouped by large entities: (C)rops, (A)nimals, and (G)rasslands. The size of arrows 
represents the importance of flows between production systems. In the TCLS scenario, use of organic 
fertilizers decreases in cropping systems due to transfer of excess manure from animal systems. The 
interaction between grasslands and animals is important on livestock farms, but grassland circles have 
been drawn smaller than animal circles to simplify the figure. 
3.3.2. Evaluation of technical options for change 
Current cropping and livestock systems were compared to alternative systems improved with 
the technical options for c hange pr eviously d escribed (T able 5, S upplementary Ta ble 4f or 
details on alternative crop rotations). In all alternative CS rotations, alfalfa is introduced at the 
beginning o f the rota tion and lasts for thr ee years. Wheat is the following  crop, because it 
benefits fr om the fertilizing effect of  alfalfa. Following crops are those in the current C S, 
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respecting the farmers’ reasoning and alternating crop families. Cereal-legume mixtures are 
introduced to replace pure cereals after a cereal, sunflower or flax.  
Fertilization of alternative CS is based on the same rules as those of the current situation but 
accounts for the fertilizing effect of alfalfa and manure application as follows: 
Total N fertilization of the surface area of the entire group with alternative CS = (N amount in 
the current situation) - [(area of crop after alfalfa × N release per ha after alfalfa) + N content 
of applied manure] 
The amount of N applied in the current situation was obtained from the farm surveys. Mean 
total N input purchased by the group in the current situation is 1.1 t/year. Mean area of alfalfa 
in alternative CS over all three years of its cultivation is 18 ha, and the mean area of first-year 
crops after alfalfa is 6 ha. The effect of alfalfa was estimated with farmers as a release of 
approximately 30 kg N/ha the first year after destruction, resulting in a supply of 
approximately 180 kg N/year over the 6 ha. 
For manure, we estimated that the 585 t available per year are equally shared among crop 
farms: each farm thus receives approximately 58 t of manure each year. Farmers usually 
spread at least 15 t of manure per ha because spreading equipment is not accurate enough to 
spread less; thus, manure is applied on approximately 4 ha each year. The standard reference 
for the N content of cow manure is 5 kg N/t of manure (poultry manure is much richer in N, 
but the group produces only small volumes); thus, overall N inputs from manure are 290 kg 
N/year. Accordingly, purchased inputs for N fertilization would decrease by 45% in 
alternative CS due to the symbiotic N fixation of alfalfa and animal manure spreading.  
Indicators of soil fertility increase in alternative CS: “organic manure application” concerns 
approximately 4 ha, and is rated “moderately improved” because it represents a small 
percentage of the crop area. “Percentage of legume crops in the crop rotation” significantly 
increases and is rated “strongly improved”. Indicators of biological regulation are rated 
“strongly improved” due to the duration of crop rotations (greatly lengthened by introducing 
alfalfa). The number of botanical families does not significantly increase.  
Mean gross margins in crop rotations decrease by 25€/ha, with differences ranging from -209 
to +96 €/ha. Given interannual market variations in the current situation, profitability is likely 
to be little affected. In livestock systems, self-sufficiency (i.e. the amount of exogenous 
fodder, concentrates and straw from outside the farmers’ group) strongly improves with the 
options for change. Production within the group covers all current imported fodder, half of 
imported straw and somewhat less than half of concentrates (assuming optimal distribution of 
products, with no limits on transport or organization). Changes in feeding systems due to 
introduction of alfalfa and cereal-legume mixtures lower feed costs on almost all livestock 
farms. Ruminants benefit much more from the exchanges, with costs approximately 150 € 
lower per LU, while monogastric animals have no or little decrease in feed costs.  
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Table 5: Values and ratings of assessment indicators for the current situation and the scenario. The 
rating of each indicator allows aggregation of quantitative and qualitative indicators. Ratings are based 
on the difference between the current situation and the scenario. 
Synthetic 
criteria 
Criteria Indicators 
Current 
situation 
Alternative 
system 
Difference 
(%) 
Rating  
Self-
sufficiency 
Crop 
systems 
Amount of exogenous N-source 
fertilizers (t/year) 
1.1 0.6 -45 2 
Livestock 
systems  
Amount of exogenous fodder (t/year) 342 0 -100 2 
Amount of exogenous concentrates 
(t/year) 
573 336 -41 2 
Amount of exogenous straw (t/year) 333 178 -47 2 
Soil 
fertility 
Organic 
manure 
application 
Area of arable land receiving organic 
manure (ha) 
0 4  + 1 
Symbiotic 
fixation of 
N 
Percentage of legume crops in the crop 
rotation (%) 
30 60 100 2 
Biological 
regulation 
Diversity of 
crops at 
field level 
Duration of crop rotations (years) 6 9 50 2 
Number of botanical families  3 3.3 10 0 
Economic 
viability 
Profitability 
Gross margins in crop rotations (€/ha) 579 554 -4 0 
Costs of animal feeding systems (€/LU) 367 392 -20 1 
 
3.4. Organizational options for change 
3.4.1. Selection of the organization option 
Based on farmers’ expectations during farm surveys, we identified three main organizational 
exchange options that represent how to implement technical options described in the previous 
section. Strengths and weaknesses of these organizational options were discussed during the 
design workshop to select the best option for the TCLS scenario.  
1 - Multi-relationship exchanges can be organized based on a model of an internal market or 
small advertisements. According to L7, it could be supported by “an online database filled 
out by farmers, simple, to identify who sells stuff that interests us”.  
2 - Polycentric exchanges would involve small groups of farmers (3-5 of each type) close to 
each other in structured cooperation. After identifying the production, logistics (storage, 
conditioning and transport equipment) and work capacities of each farm, each group could 
decide collectively what additional investments, if any, would be needed. This is the vision of 
C9, for whom “the best would be local interactions, with a regional project but managed in 
small zones. Farmers have to keep the decision and monitoring of what they do, to not start 
another frenzy, like cooperatives, in which farmers buy everything”.  
3 - Centralized exchanges would be organized using pooled equipment, similar to that in a 
cooperative. This structure would centralize production;, take charge of storage, conditioning 
and transport; and offer products to livestock farmers according to their production and 
specific needs. According to L4, “We still need a go-between so everyone can keeping doing 
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their jobs”. Investments are important to establish this structure, but it could include more 
farmers than the initial group and develop new activities over time.  
After discussing these ideas, participants determined that the most suitable form for 
exchanges would be the polycentric. It could support development of structured interactions, 
optimize capacities of each farm while allowing direct exchanges between farmers and avoid 
purely opportunistic behaviors more likely found in a large collective organization. The 
polycentric exchange scenario would be organized around small groups that share work 
through work banks with mutual assistance, sharing of equipment and transmission of 
knowledge. Collective drying units for alfalfa could be built to ensure high-quality alfalfa hay. 
Each would consist of a solar oven that dries hay in a barn using warm air, requiring no fossil 
energy. It could also be used to dry cereals and legume crops before storage. In these small 
groups, straw-for-manure exchanges could be organized with collective management of a 
local composting area for manure. The polycentric organization appeared finally as the best 
way to deal with feasibility on the short term and stability on the long term.    
3.4.2. Evaluation of organizational options 
Organizational options were discussed and assessed during the design workshop. On this 
basis, we rated qualitative criteria in the assessment grid for the selected “polycentric 
organization” option (Table 6). Farmers considered work management “neutral” because 
collective organization should allow more flexibility at the farm level and more effective 
group work. Both livestock and crop farmers considered collective investment in drying and 
storage units as a way to guarantee supply and outlet stability, which could be facilitated with 
strategic planning and management of unexpected events. 
Polycentric organization organizes small groups using governance rules for exchanges and 
sharing of experience and practices that capitalize on knowledge. This organization could 
result in development of new activities, such as processing (e.g. an oil press for sunflower 
seeds, with distribution of the meal as animal feed) or commercialization through direct sales 
in farmers’ shops, potentially promoted by a local-origin label common to all small groups.  
Structured exchanges and governance within the farmers’ group could contribute to farm 
resilience by diversifying production, information networks and commercial networks. 
Farmers expect that integration in a network of technical or organizational support would 
reduce the problem of farmer isolation and ease the establishment of young farmers. Farmer 
L11, established in 2011, declared that “it is better for farmers to keep small individual farms 
and share work together than having very large farms with several workers and a boss”. The 
level of structuring of exchanges is rated “moderately positive”, since the scenario does not 
integrate a clear governance framework or structure the farmers’ group into a specific 
association or economic organization; however, it could be supported by already existing 
structures, such as an equipment cooperative.  
Regarding social embeddedness, polycentric organization was considered beneficial for its 
influence on local dynamism, the opportunity to develop direct sales and generate more 
diversified landscapes. Indicators “Animal welfare” and “Tourism activities” are not directly 
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modified. “Quality of products” was rated “moderately improved” because of the local origin 
of animal feed, which is often positively perceived by consumers and farmers as a guarantee 
of quality and adequate for animal needs. Also, introduction of alfalfa or cereal-legume 
mixtures into the feeding system could improve the color of poultry flesh and eggs and the 
composition of fatty acids (ratio between Omega 3 and 6, due to alfalfa) in meat and milk, 
criteria that are recognized by several quality labels.  
The link with public policies was explicitly targeted in the scenario through several aspects. 
Farmers believe that organization of exchanges could favor establishment of young organic 
farmers and encourage conversion to organic farming by generating organic fodder and other 
products and enhancing farmers’ social dynamics. The farmers’ association had already 
received funds from the French Ministry of Agriculture and the Midi-Pyrénées region at the 
start of the project. Some subsidies of the future Common Agricultural Policy will also be 
delegated to building the farmers’ collective, with a preference for diversified production, 
called “Groups of Ecological and Economic Interest”. Farmers in the group want to apply for 
this label to facilitate collective investment. Technical options for change could also be 
directly supported by public policies to protect water quality by reducing the quantity of 
animal manure spread by livestock farmers and transforming it into compost before spreading 
on crop farms. However, introduction of temporary grassland and alfalfa, considered as 
environmentally friendly overall, could also entail the risk of nitrate leaching after 
destruction.  
Overall, multicriteria assessment of the TCLS scenario highlights the complementarity of 
cereal and livestock farms, enhancement of soil fertility and biological regulation services, 
contrasting but globally positive socioeconomic performances and moderate impacts on social 
embeddedness at the territory level (Fig. 6).  
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Table 6. Levels and ratings of the qualitative indicators for the technical and polycentric organization 
options for change. 
Synthetic 
criterion 
Criterion Indicator 
Current 
situation 
Polycentric 
organization 
Difference Rating  
Biological 
regulation 
Diversity of 
land use at 
landscape 
level 
Abundance of 
grasslands in landscape 
Medium High  + 1 
Work 
management 
Workload Amount of work  High High  = 0 
Work quality Difficulty of work High High  =  0 
Economic 
viability 
Stability of 
costs 
Stability of supply and 
prices  
Low High  ++ 2 
Added value  
of products 
Development of quality 
labels  
Medium High  + 1 
Direct sales and 
collective shops 
Medium High  + 1 
Use of by-products  Low Medium  + 1 
Social 
learning and 
capacity 
building 
Autonomy of 
farmers 
Independence from 
commercial 
organizations 
Low High  ++ 2 
Institutionalization of 
groups 
Structure of exchanges 
Low Medium  + 1 
Knowledge 
capitalization 
Exchange of practices 
and results of trials 
Low High  ++ 2 
Adaptive 
capacity 
Strategic planning and 
tactical adaptation to 
annual conditions 
Low High  ++ 2 
Embeddednes
s of 
agriculture in 
the territory 
Social 
acceptability 
of agriculture 
Landscape quality  High High  = 0 
Producer-consumer 
direct relationship 
Medium High  + 1 
 Animal welfare  Medium Medium  = 0 
Contribution 
to local 
economic 
dynamism 
Tourism activities 
linked to landscape 
quality 
Medium Medium  = 0 
Development of local 
supply chains and new 
activities 
Medium High  + 1 
Quality of products Medium High  + 1 
Integration in 
public 
policies 
Contribution 
to local and 
global 
sustainability 
issues 
Establishment of new 
organic farmers 
Low Medium  + 1 
Conversion to organic 
farming 
Low Low  = 0 
Impact of farming on 
water quality 
Low Low  = 0 
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Figure 6: M ulticriteria assessment of  t he crop-livestock i ntegration s cenario a ccording t o sy nthetic 
criteria. The current situation is considered as the reference, rated null, for every criterion. The TCLS 
scenario designed is rated null if it has the same value as the baseline, +1 or +2 if it lightly or strongly 
improves t he criterion, r espectively, and -1 or  -2 i f i t l ightly or  st rongly de grades the criterion, 
respectively.
4. Discussion 
4.1.Credibility and saliency of the designed scenario 
The de signed sc enario appears to successfully i ncrease se lf-sufficiency at the group level. 
Complementarities shoul d li mit mar ket risks while allowing fle xibility a nd other  pr oximity 
benefits (Angeon e t al., 2006) . The  r esults highlight synergistic effects for the ecosystem 
services delivered and focus on services provided by ecosystems to agriculture, i.e. enhancing 
the internal processes of soil fertility and biological regulation. These services are particularly 
important in organic and agroecological systems since they partially replace synthetic inputs 
(Altieri et al., 2002).  
The TCLS scenario offers ways to “unlock” diversification of crop patterns, which is viewed 
as highly dependent on supply-chain changes or the development of socio-technical “niches” 
(Geels, 2004; Meynard et al., 2013). If the options for change are implemented, the y could 
progressively reduce risks, facilitate learning processes and place farmers on a  tra jectory of  
change (Lamine, 2011), favoring single-loop learning (changes in practices) but also double-
loop learning ( changes in how practices are e valuated) (A rgyris and S chön, 1996 ). Some 
options would favor social learning, such as exchanges of new practices and results of trials or 
cooperation between livestock farmers and crop farmers to transfer knowledge about alfalfa 
management. 
A rationale of soli darity and c ooperation that li nks technical and socia l exchanges also 
prevails in many c onversations among farmers a nd supports more dir ect exchanges, as 
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proposed in the TCLS scenario. Arguments for long-term economic, agronomic and social 
sustainability support the development of this scenario, despite few economic benefits in the 
short-term. Bellon et al., (2010) developed a framework for analyzing organic farming 
diversity. It distinguishes two axes: the rationale for practices (from basic compliance with 
organic farming standards to deep system redesign) and the model of governance (from 
individual or corporate governance to sectorial or territorial governance). The TCLS scenario 
developed in our study corresponds to the “empowerment” model: deep system redesign and 
sectorial governance (among collective peers). This empowerment could be expressed by 
developing short commercialization chains, collective selling points, and collective use of 
agricultural equipment. It could also increase resilience of the farms and groups (Milestad and 
Darnhofer, 2003) and improve their social, human and institutional capitals (Coudel, 2009). 
The success of such projects could depend on the ability to mobilize leaders of the farmers’ 
association and the emergence of leaders in the farmers’ group. Simon (2014) analyzed 
conditions for success in several organic farmers’ collective initiatives in the Midi-Pyrénées 
region. According to the analysis the crop-livestock exchange initiative corresponds to an 
“emerging initiative”: common values and objectives exist, and a scenario of technical and 
organizational change has been defined; however, concrete actions have not occurred, and 
farmers have little knowledge about each other and no experience in collective work (except 
for a few farmers who already worked together).  
Due to the uncertainty involved in technical changes (e.g. production of cereal-legume 
mixtures and their nutritive value for animals), promotion of such a crop-livestock integration 
scenario would be difficult without economic or social incentives for farmers and sound local 
references. Although the gross margin in cropping systems slightly decreased, options for 
change in crop rotations do not include the crops with the highest added value and thus would 
not significantly impact farmers’ income. Unexpectedly, because many examples of self-
sufficient mixed crop-livestock farms (Ryschawy et al., 2012) exist, livestock farmers were 
more reluctant to change  practices because their feeding strategies directly determines the 
quantity and quality of animal products and therefore their economic performances. Due to a 
lack of local references and examples, farmers perceive a high level of risk and appear quite 
reluctant to start testing new feeding systems (Meynard et al., 2013). The issue of workload, 
especially in livestock systems, is particularly salient: changing feeding systems affects work 
organization and has little chance of implementation if workload or complexity increases. 
Another difficulty lies in the need for collective investments for alfalfa drying and logistics 
management. Investments would require commitment of a sufficient number of farmers to 
reach a critical size. Public policies could support such investments to promote their 
development. Transition towards the implementation of structured and perennial TCLS in the 
group could follow progressive steps (see Supplementary material 6).   
Analysis of the TCLS scenario designed in our study appears highly consistent with farmers’ 
objectives and sustainability challenges. Conditions for its implementation could be fulfilled 
by involving other key stakeholders in the project, such as local policy makers and supply 
chains (Hannachi, 2011; Meynard, 2012). Further development of the partnership with 
researchers could also help move a step further in the transition of farming systems to more 
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integrated TCLS, but it will require time, learning and stakeholder commitment (Kemp et al., 
2007).  
4.2.Methodological outcomes  
The general structure of our methodology is rather classic for the participatory design of 
sustainable agricultural systems at the territory level: diagnosis, design of options for change, 
and evaluation (Daniell et al., 2010; Elzen and Spoelstra, 2010; Kalaugher et al., 2013; 
Lefevre et al., 2014). However, the articulation between sequences is original, because each 
step helps define the following one, raising new questions and a new need for knowledge. In 
this sense it is similar to Concept-Knowledge theory (Hatchuel and Weil, 2009), in which the 
expansion of concepts (new ideas) entails expansion of knowledge and raises new questions. 
In our study, the challenges to autonomy at the group level initially identified entail 
diagnosing supply and demand on each farm, which in turn allows identifying options for 
change in “what type of” and “how” exchanges could be implemented. These options are 
discussed with the group and assessed through discussions of their strengths and weaknesses. 
Scenario construction is completely open and leaves great space for farmers’ expectations, 
resulting in high legitimacy for farmers and adaptation to ill-defined problems (Etienne, 2010; 
Martin et al., 2012a).  
This methodology produced a scenario that combines multi-level and multi-domain options 
for change, from technical practices to governance issues, and in this sense it represents an 
original contribution to research on crop-livestock integration at the territory level. Our study 
contributes to understanding and specifying functional, spatial and decisional upscaling 
issues, i.e., the main issues in modelling and design of integrated crop-livestock systems at the 
collective level (Martin et al., submitted). The tools, multicriteria assessment grid and 
scenario developed could contribute directly to development of a boundary object that 
supports design and assessment of TCLS in farmers’ groups (Martin et al., submitted). 
Although data and local references would have to be adapted, the items developed could be 
tested in other contextswithout avoiding the definition of objectives and associated values of 
the project.  
The issue of agricultural system sustainability and resilience to hazards is explored in our 
study by evaluating the stability of performances and longevity of exchanges. The simulation 
work could be further developed to test robustness of the TCLS scenario to climatic or 
economic risks, using modeling tools such as Forage Rummy, expanded to the collective level 
(Martin et al., submitted).  
Further methodological development that uses up-to-date knowledge about relations between 
practices and ecosystem services would be important to support development of TCLS. 
Limited knowledge about monitoring ecosystem services raises uncertainties about 
implementing agroecosystems with high levels of ecosystem services (Power 2010; Sarthou et 
al., 2014). While dispersed organic farms in the landscape seem to act as “biodiversity 
hotspots” (Gosme et al., 2012), the spatial distribution of grasslands, the connectivity and 
structure of hedgerow networks and the “hidden diversity” associated with temporal and 
spatial differences in soil cover types are also determining factors (Vasseur et al., 2013; Puech 
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et al., 2015). Crop patterns in the TCLS scenario would have to be assessed with more 
suitable ecosystem-service indicators (Oudenhoven et al., 2012). This would allow full 
integration of management of ecosystem properties in the decision-making processes.  
5. Conclusion 
We studied of a group of farmers willing to increase their self-sufficiency by developing 
product exchanges and the necessary social networks. Through diagnosis of farming systems 
and farmers’ objectives at the individual level, we identified technical, economic and social 
issues that support the development of crop-livestock integration in the group. We built with 
farmers technical and organizational options for change that address these issues and enhance 
general farm sustainability. The scenario of crop-livestock integration designed offers 
development of complementarities between farms by organizing structured exchanges, which 
increases land-use diversity and in turn synergetic effects on ecosystem services and increased 
economic and social resilience. It may also provide conditions for capacity building, active 
exchange of knowledge and an increase in individual and collective adaptive capacities.  
This study develops methodological advances in designing crop-livestock integration at the 
territory level. The six-step methodology and tools for participatory design were developed to 
support definition of objectives and solutions and assessment of options for change. This 
work contributes to scientific development of design of sustainable agricultural systems at a 
supra-farm level. It examines conditions for starting highly local and small-scale dynamics 
and estimates their potential impacts on farms (e.g. greater autonomy, improved 
agroecological practices) and at the collective level (e.g. technical and social exchange, 
reorganization of commercialization). Its contribution is the creation of operational 
knowledge about ways to develop agroecological systems and identification of pathways for 
agroecological transitions in agriculture. 
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Supplementary Material 
Supplementary Table 1. Production costs and selling prices of crop farms. Values came from local 
references and were validated by comparing them to technical references of the regional federation of 
organic farmers (http://www.biomidipyrenees.org). 
Crop 
Production cost 
(€/ha) Price (€/t) 
Alfalfa 240 100 
Wheat 470 300 
Sorghum 320 250 
Faba bean 320 300 
Triticale 470 340 
Soybean 550 650 
Cereal-legume mixture 320 300 
Sunflower 390 430 
Flax 390 1350 
Chickpea 750 320 
Maize 550 330 
Oats 340 200 
 
Supplementary Table 2. Crop yield references for current and alternative cropping systems (t/ha). 
Values were obtained from farm references or, if not available, references from other farms in the 
group within the same region. Alf: Alfalfa, Wh: Wheat, Sor: Sorghum, Fab: Faba bean, Tri: Triticale, 
Soy: Soya bean, Mx: Cereal-legume mixture, Sun: Sunflower, M: Maize. 
Farm 
code Wh Fab Soy Mx Tri M Alf Oats Sor Chickpea Flax Sun 
C1 2,8 2,6 3,0 3,0 3,0 
 
10,0 
 
6,0 
   C2 3,0 2,2 
 
3,0 
  
7,0 
    
1,5 
C3 3,0 
 
3,0 4,0 
  
8,0 
     C4 2,5 
  
3,0 2,0 
 
8,0 2,0 
   
1,5 
C5 3,0 
  
3,0 3,0 
 
8,0 
  
1,0 0,8 2,0 
C6 3,0 
 
2,2 3,0 2,0 
 
8,0 
   
0,8 1,5 
C7 3,0 
 
2,5 
 
3,0 9,0 8,0 
   
0,8 
 C8 2,2 
 
2,0 2,0 
  
7,0 
    
1,5 
C9 3,0 1,5 2,2 2,0 3,0 
 
7,0 
     C10 2,5 2,2 2,7 3,0 2,5 
 
7,0 
  
1,0 
 
1,7 
 
Supplementary Table 3. Decision rules for ratings of quantitative and qualitative indicators.  
Rating - 2 -1 0 +1 +2 
Quantitative 
indicators 
Difference 
> -30% 
Difference 
between -10% 
and -30% 
Difference 
between -10% 
and +10% 
Difference 
between +10% and 
+30% 
Difference > 
+30% 
Qualitative 
indicators 
Large 
negative 
impact 
Moderately 
negative impact 
No change Moderately 
positive impact 
Large positive 
impact 
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Supplementary Table 4. Current and alternative cropping systems with technical options for change.  
Alf: Alfalfa, Wh: Wheat, Sor: Sorghum, Fab: Faba bean, Tri: Triticale, Soy: Soybean, Mx: Cereal-
legume mixture, Sun: Sunflower, M: Maize. “x3” means “3-years alfalfa”?  
Farm code Current Cropping System Alternative Cropping System 
C1 Soy-Wh-Sor-Fab-Tri Alfx3-Wh-Sor-Fab-Tri-Soy-Wh-Mx 
C2 Fab-Wh-Sun-Wh Alfx3-Wh-Mx-Sun-Mx 
C3 Soy-Soy-Wh-Mx-Mx Alfx3-Wh-Mx-Soy-Soy-Wh-Mx 
C4 Alfx3-Wh-Tri-Sun-Wh-Oat Alfx3-Wh-Mx-Sun-Mx-Oat 
C5 Chickpea-Wh-Sun-Tri-Flax-Wh Alfx3-Wh-Sun-Tri-Flax-Mx-Chickpea-Wh 
C6 Soy-Wh-Sun-Ep-Flax-Tri Alfx3-Wh-Sun-Mx-Flax-Soy-Tri 
C7 Soy-Soy-Wh-M-Wh-Flax-Tri Alfx3-Wh-M-Soy-Soy-Wh-Flax-Tri 
C8 Alfx3-Wh-Sun-Soy-Wh Alfx3-Wh-Sun-Soy-Wh-Mx 
C9 Soy-Wh-Fab-Tri Alfx3-Wh-Fab-Tri-Mx 
C10 Soy-Soy-Wh-Fab-Sun-Wh-Chickpea-
Tri 
Alfx3-Wh-Soy-Soy-Wh-Fab-Sun-Mx-
Chickpea-Tri 
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Supplementary Table 5.  Ratings of c riteria and  sy nthetic c riteria f or technical an d 
organizational options for change. Criteria are arithmetic means of indicators in Table 5 and 6. 
Synthetic criteria are arithmetic means of criteria. 
Synthetic criterion Rating Criterion Rating
Self-sufficiency 2
Crop systems 2
Livestock systems 2
Soil fertility 
maintenance
1.5
Organic manure application 1
Symbiotic fixation of N 2
Diversity of crops at field level 1
Diversity of land use at landscape level 1
Work management 0
Workload 0
Work quality 0
Economic viability 1.2
Stability of costs 2
Added-value of products 1
Profitability 0.5
Autonomy of farmers 1.5
Knowledge capitalization 2
Adaptive capacity 2
Embeddedness of 
agriculture in territory
0.5
Social acceptability of agriculture 0.3
Contribution to local economic dynamism 0.6
Contribution to  lo cal and global sustainability 
issues
0.3
Supplementary material 6: Representation of transition phases towards the implementation of TCLS 
in the group. Phase 1 is the initiation of the exchanges, phase 2 corresponds to the scenario defined in 
the article, phase 3 c orresponds to t he stabilized TCLS. T ransitions between t he different ph ases 
require socioeconomic features identified in bold.  
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Synthèse du chapitre 5 
Ce chapitre présente la mise en œuvre approfondie de la démarche de conception développée 
dans ma thèse. Ma démarche de terrain s’est appuyée sur un diagnostic participatif du bassin 
versant de l’Aveyron que j’ai mené avec une diversité d’acteurs. Cet état des lieux m’a permis 
d’identifier les grands enjeux de durabilité des différents types de systèmes et zones de 
production. En focalisant sur les enjeux auxquels l’intégration culture - élevage peut apporter 
des réponses, j’ai construit deux dispositifs de terrain en parallèle.  
Le premier, nommé Filière territorialisée, visait à évaluer les complémentarités entre deux 
zones spécialisées respectivement en élevage à l’amont du bassin et en culture à l’aval. 
Chacune présente des problèmes de durabilité liés à la spécialisation, par exemple des niveaux 
trop élevés de prélèvement d’eau d’irrigation à l’aval relativement à la ressource disponible. 
Dans la continuité des collaborations engagées entre les coopératives de ces deux zones, les 
acteurs impliqués dans le dispositif participatif ont conçu un scénario de mise en place d’une 
filière luzerne territorialisée, produite dans les systèmes de culture de l’aval et utilisée dans les 
systèmes d’élevage de l’amont. L’évaluation de ce scénario a montré l’intérêt de la 
diversification des systèmes de culture avec la luzerne pour substituer une partie des intrants 
chimiques par des services de régulation biologique et d’entretien de la fertilité des sols et 
pour limiter les prélèvements d’eau. Le scénario présente en revanche un impact très modéré 
sur les systèmes d’élevage de l’amont. Dans ce scénario, la récolte de la luzerne et sa 
commercialisation seraient gérées par ces coopératives ce qui ne permet pas de renforcer 
l’autonomie décisionnelle des agriculteurs. En termes méthodologiques, le dispositif Filière 
territorialisée correspond à une modélisation d’archétypes de systèmes de culture et de leur 
distribution spatiale. Cette approche est limitée du point de vue de la compréhension et 
représentation fine des changements de pratiques et de leur incidence dans les systèmes de 
productions.  
Le deuxième dispositif, nommé Collectif bio, visait à imaginer des scénarios d’échanges 
directs entre céréaliers et éleveurs adhérents d’une association d’agriculteurs bio. Au travers 
de ces échanges les agriculteurs visaient avant tout à réduire la dépendance de leurs systèmes 
de production aux intrants (aliments du bétail pour les systèmes d’élevage, fertilisants pour les 
systèmes de culture). Après une phase de clarification des enjeux et objectifs du groupe, j’ai 
réalisé un diagnostic individuel des systèmes d’exploitation et identifié sur cette base les 
potentiels de complémentarité entre systèmes. Les idées énoncées par les agriculteurs lors du 
diagnostic ont été synthétisées en options de changement et en alternatives de formes 
d’organisation des échanges. Ces sorties du travail d’analyse ont été présentées au collectif 
d’agriculteurs qui ont discuté les forces et faiblesses de chaque forme d’organisation et 
sélectionné un scénario combinant options techniques et formes d’organisation. L’évaluation 
des impacts du scénario a permis de montrer son intérêt pour renforcer le fonctionnement 
métabolique et les services écosystémiques au sein des systèmes de culture, ainsi que 
l’autonomie décisionnelle et les capacités d’adaptation des agriculteurs à l’échelle du 
collectif. Ce dispositif a permis de montrer l’intérêt d’une analyse approfondie des systèmes 
de production et des objectifs des acteurs pour construire des scénarios précis d’intégration 
culture - élevage légitimes, crédibles et pertinents.  
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Conclusion de la partie 2 
 
Les études de cas de conception participative m’ont permis de tester l’efficacité de la 
méthodologie et l’intérêt des outils développés pour les acteurs. Le cadre conceptuel a permis 
de bien identifier les bénéfices attendus de l’intégration culture – élevage. La grille 
d’évaluation multicritère a permis de prendre en compte et discuter les priorités des acteurs. 
La combinaison de ces outils a permis de structurer une réflexion systémique sur le 
changement de pratiques et l’exploration d’options de changement techniques et 
organisationnelles. Les dispositifs ont permis de mobiliser les acteurs dans la construction des 
scénarios, la démarche et les résultats produits ont suscité l’intérêt de ces acteurs. Les annexes 
II et III présentent les articles rédigés pour communiquer sur les deux dispositifs auprès des 
agriculteurs du territoire.  
Les scénarios d’intégration produits dans les différents dispositifs présentent des 
performances de durabilité meilleures que les situations actuelles, ce qui confirme les 
bénéfices attendus, notamment en termes de réduction des intrants de synthèse. Des points de 
vigilance sont également soulevés, comme la gestion du travail. Selon les dispositifs, ces 
résultats sont issus de l’expertise des participants et / ou de simulation quantitative de l’impact 
des options sur les systèmes réels ou sur des archétypes des systèmes locaux. Ils doivent être 
remis en perspective par rapport aux acteurs mobilisés dans les dispositifs de conception et 
aux enjeux mis en avant. 
Plus largement, les dispositifs de conception et leurs résultats ouvrent des pistes de discussion 
et des perspectives de travaux sur la place de l’intégration culture – élevage dans la transition 
agroécologique de l’agriculture.  
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Partie 3 : Discussion générale 
 
 
 
 
 
« Ce qui nous plombe aujourd’hui dans le milieu agricole, c’est le pessimisme, c’est la sinistrose. 
Quand on ne croit plus à rien, on ne se met pas en commun et on ne va pas de l’avant !  
Vous ne sauverez pas la planète et le métier d’agriculteur avec des résignés et des défaitistes. L’avenir 
sera tel que nous le ferons. Tout est possible, mais il faut y croire ! » André Pochon
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Dans cette dernière partie, je discute l’ensemble du dispositif de thèse sur l’originalité et les 
apports tant méthodologiques que thématiques. Je concentre mon analyse sur les éléments 
transversaux aux différents dispositifs de terrain, chaque dispositif donnant déjà lieu à une 
discussion individuelle dans les articles correspondants. Le chapitre 6 propose un retour 
réflexif sur l’enchainement des séquences de travail mises en œuvre, leur cohérence et la 
contribution au développement d’une méthodologie de recherche sur l’ICET à partir des 
études de cas que j’ai conduites. Le chapitre 7 présente une lecture des résultats de la thèse du 
point de vue des connaissances produites sur l’objet ICET en focalisant sur son rôle dans la 
transition agroécologique de l’agriculture.  
 
Chapitre 6 : Une contribution méthodologique à la 
conception de systèmes culture – élevage à l’échelle du 
territoire  
 
La démarche de recherche mise en œuvre dans ma thèse est une construction méthodologique 
visant à explorer l’intégration culture – élevage à l’échelle du territoire. Plusieurs dispositifs 
s’articulent suivant un gradient d’approfondissement des systèmes conçus : le Light design 
présenté dans le chapitre 4, Filière territorialisée et Collectif bio présentés dans le chapitre 5.  
Dans ce chapitre, je propose une lecture transversale des ressources mobilisées pour la 
conception et des produits des dispositifs, mis en regard d’études comparables, puis je discute 
la pertinence de la méthode et des outils construits dans d’autres contextes d’application. 
1. Une démarche de conception adaptée aux enjeux et échelles de 
travail 
Chacun des trois dispositifs de conception est basé sur le même schéma en trois étapes : 
diagnostic, conception, évaluation, avec des composantes participatives plus ou moins 
importantes selon les séquences de travail (Figure 7). L’investissement en temps et 
compétences est réduit pour le Light design, plus important pour les deux autres dispositifs. 
La finesse d’analyse et l’adéquation des options de changement au contexte sont corrélées à 
ces niveaux d’investissement (Figure 8).   
1.1.Le dispositif Light design : ouvrir un champ de réflexion 
Dans le dispositif Light design, le diagnostic initial, les options de changement et l’évaluation 
des options sont basés sur l’expertise des acteurs sollicités. Les connaissances mobilisées sont 
donc principalement des connaissances d’experts (explicitées et issues de l’observation 
cumulée de situations variées) et de praticiens (tacites et issues de l’expérience pratique) 
(Raymond et al. 2010 dans Murgue et al. 2015a) : agriculteurs, conseillers techniques, acteurs 
politiques ou de la société civile étant amenés à livrer leur « vision » à partir de leur propre 
domaine d’expertise. Ce niveau d’analyse permet d’ouvrir des pistes de réflexion sur des 
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scénarios d’ICE à travers les échanges d’idées entre participants et la mise à plat des enjeux 
couverts par l’ICE. Les modalités d’évolution des pratiques entre la situation actuelle et 
conçue et l’évaluation des impacts de ces changements ne sont pas abordées : les acteurs 
sollicités produisent une idée qui a du sens dans leur contexte d’action. Le niveau d’itération 
entre les étapes de diagnostic / conception / évaluation se limite à la  reformulation ou 
précision des éléments de l’atelier précédent, sans reprise des options en cours de démarche.  
 
1.2.Le dispositif Filière territorialisée : produire un scénario à grande échelle basé 
sur des références locales 
Le dispositif Filière territorialisée est basé sur un diagnostic participatif des enjeux du 
territoire, une typologie des systèmes de production majoritaires et la modélisation de leurs 
performances. L’échelle de travail, le bassin versant, induit un raisonnement par grands types 
de systèmes de production du territoire. La représentation de la distribution spatiale des SdC 
actuels et alternatifs, basées sur l’utilisation du Registre Parcellaire Graphique, permet une 
estimation fine de l’usage du sol, des surfaces des cultures et de leur impact sur la gestion 
quantitative de l’eau, en se fondant sur les connaissances locales pour la modélisation des 
systèmes et des pratiques et des connaissances scientifiques pour la modélisation des 
hydrosystèmes. Dans ce dispositif, les options de changement peuvent être assimilées à des 
archétypes qui ont, d’après les acteurs, une valeur de solution potentielle aux enjeux du 
territoire : approvisionnement des systèmes d’élevage, durabilité des SdC.  
1.3.Le dispositif Collectif bio : construire une organisation collective pour répondre 
aux enjeux individuels et collectifs 
Dans ce dispositif, la volonté de prendre en compte les contraintes de fonctionnement de 
chaque exploitation  et d’estimer les impacts des options de changement sur chacune d’elle a 
nécessité la mise en œuvre d’un diagnostic individualisé (voir guide d’entretien en annexe 
IV). La conception des options de changement est réalisée en plusieurs phases : une première 
identification des idées et des objectifs de l’agriculteur lors de l’enquête de diagnostic ; 
l’élaboration de scénarios par les chercheurs en laboratoire sur la base de ces informations ; la 
sélection et l’affinement du scénario en atelier collectif. Le scénario retenu est évalué en 
prenant en compte les évolutions induites pour chaque système de production, puis rediscuté 
en collectif sur la base des sorties d’évaluation. Les itérations sont donc nombreuses entre 
acteurs et chercheurs, pour parvenir à la production d’un scénario correspondant à un 
ensemble de changements à opérer dans les différents systèmes de production et dans le 
collectif, et structuré en plusieurs phases de transition. La compréhension fine des systèmes de 
production, de leurs objectifs et contraintes a permis d’analyser les antagonismes (trade-offs) 
entre objectifs exprimés aux niveaux individuels et du collectif.  
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Figure 7 : Acteurs et séquences de travail et outils mobilisés dans les dispositifs de terrain. L’axe horizontal 
représente le temps avec le mois et l’année du début de la séquence de travail. La largeur des séquences de 
travail sur l’axe n’est pas proportionnelle à leur d urée mais indique leur i mportance relative : la s équence 
« collecte des données » dans le dispositif Collectif bio a duré 3 mois tandis que l’atelier de conception n’a duré 
qu’une demi-journée.
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Figure 8 : Approche comparative des trois dispositifs de conception de systèmes culture – élevage.  
2. Mise en perspective de la démarche 
Sans reprendre l’intégralité de la littérature ayant inspiré ma méthodologie, je propose ici de 
la repositionner dans le pa norama des méthodologies de c onception pa rticipative mi se e n 
œuvre à l’échelle du territoire. 
2.1.Quelle originalité de la démarche de conception participative ? 
Dans leur « proposition de diagnostic pour une pratique de la recherche participative », Cerf 
et Thiery (2009) identifient des phases clés d’un processus participatif : la problématisation, la 
construction d’une « perturbation » d e la situation pour orienter la transformation des 
pratiques déjà en cours, et la mise à l’épreuve de la perturbation proposée. L’étape d e 
diagnostic s’apparente à la problématisation, selon des modalités méthodologiques dépendant 
du contexte et notamment de l’existence d’une demande de terrain à l’origine du partenariat 
recherche-acteurs. Dans mes dispositifs cette demande n’existait pas puisque les acteurs n’ont 
pas sollicité la re cherche pour travailler spécifiquement sur le thème de l’ICE : la phase de 
diagnostic c onsistait donc à  c o-construire la question à  p artir des interrogations des 
chercheurs et des problématiques du terrain. La phase de conception a consisté à fournir aux 
acteurs des ressources cognitives pour concevoir des « perturbations » des pratiques actuelles, 
les perturbations n’existant pas initialement. Enfin, la phase de mise à l’épreuve était limitée à 
une évaluation ex ante des performances des changements envisagés par les acteurs. La mise à 
l’épreuve concrète semble constituer une condition ultime de changement pour les acteurs 
dans mes dispositifs. En l’absence d’essais ou d’observation des options de changement 
envisagées chez des pairs, le niveau d’incertitude semble encore trop haut pour « faire le 
pas ». Cela est vrai en particulier pour la transition des systèmes d’alimentation (rations) chez 
les éleveurs dans le dispositif « Collectif bio » (chapitre 5). 
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Dans les dispositifs de conception participative « approfondie » (Filière territorialisée et 
Collectif bio), l’hybridation entre connaissances scientifiques et connaissances locales est 
mise en œuvre par les itérations entre « diagnostic / conception / évaluation » et celles plus 
fines au sein de chaque phase. Cette structure est cohérente avec les principes d’apprentissage 
expérientiel énoncés par Francis et al. (2011) pour qui  « l’évaluation est une part intégrale et 
continue de la conception ». La construction des options de changement et leur articulation en 
scénarios d’ICET se sont opérées par dialogue entre les idées des participants et les éléments 
d’évaluation de ces idées, exprimés par les agriculteurs, chercheurs ou conseillers. Lors de ce 
dialogue, chacun confronte et articule ses connaissances propres et celles collectivement 
discutées, qu’elles soient tacites ou scientifiques. En ce sens, les démarches que j’ai 
développées s’assimilent à la méthodologie KCP (Berthet et al. 2012a) basée sur la théorie C-
K (Hatchuel et Weil, 2009). La réflexion est initiée par un concept « projecteur » permettant 
d’ouvrir l’espace des possibles, puis une ou plusieurs options sont choisies en fonction des 
informations disponibles sur l’adéquation aux préférences des acteurs.  Je propose dans la 
Figure 9 une lecture a posteriori de la séquence de conception selon le formalisme C-K. 
L’espace des connaissances (Knowledge) est composé par les éléments de connaissances 
mobilisés par les acteurs pour choisir les options à creuser (Concept) et spécifier les domaines 
d’application (Figure 9, niveau 2 d’options), les types et modalités de conditionnement des 
produits (niveaux 3 et 4). L’idée est donc affinée, spécifiée au cours de confrontation aux 
connaissances provenant de différentes sources. 
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Figure 9 : Processus de conception du dispositif Filière territorialisée selon le formalisme de la théorie C-
K. A chaque option de changement correspond à un ou plusieurs éléments d’évaluation qui ont permis de
sélectionner l’option à creuser, indiqués par le code alphanumérique. Les options en vert sont celles qui ont 
donné lieu à approfondissement, celles en gris ont été abandonnées.   
La nécessité d’articuler des savoirs de natures différentes est souvent relevée dans les 
démarches de conception en agroécologie. Pour Bawden (2007)  et Francis et al. (2011) les 
méthodologies et les compétences mobilisées en agroécologie doivent permettre d’intégrer :
- la contestabilité relative à l’existence de controverses à gérer, provenant de différences dans 
les manières de  voir  le  monde, les valeurs et les intérêts des a cteurs impliqués dans la 
conception ; 
- la contingence des limites à la compréhension de s processus en jeu  e t à la capacité de  
projection dans un avenir incertain ; 
- la dim ension collective nécessaire dans l’action qui requiert des c ompétences sp écifiques 
d’animation de groupe notamment ;
- la connectivité d es é léments é tudiés qui  requiert le développement de cadres et d’outils 
d’analyse systémique ;
- la dimension cognitive pour comprendre les modèles de pensées et les manières d’apprendre 
des acteurs.  
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La méthodologie que j’ai développée peut permettre de prendre en charge les quatre premiers 
points puisque je propose de construire des scénarios ouverts, basés sur un diagnostic partagé 
des enjeux et construits par négociation et discussion des options de changement, prenant en 
compte les effets systémiques de complémentarité, synergie et antagonismes, les incertitudes 
liées aux processus écologiques à mobiliser et les coordinations et formes d’organisation 
associées aux options de changement technique. La dimension cognitive est quant à elle 
absente de ma méthodologie ou du moins jamais explicitée. L’objectif de combinaison de 
méthodes (enquêtes individuelles et ateliers collectifs) et outils (cadre conceptuel, simulations 
quantitatives) est bien d’induire des apprentissages chez les acteurs, mais la nature et l’origine 
des apprentissages potentiels ne sont pas étudiées. Des méthodes adaptées des sciences 
cognitives pourraient être mises en œuvre sur mes terrains pour identifier à quel type 
d’apprentissage  a contribué la démarche de conception : individuel ou collectif, selon une 
boucle d’apprentissage simple, double ou triple (Argyris et Schön, 1996 ; Coudel, 2009 ; 
Angeon et al. 2014).  
 
Les questions des effets produits par le dispositif et du désengagement du chercheur de 
l’accompagnement des acteurs au-delà du projet de recherche, instruite par Cerf et Thiery 
(2009), se pose également dans mes dispositifs. Dans le cadre de la thèse mon engagement 
auprès des acteurs s’arrêtait à la production d’un scénario d’ICET et des résultats 
d’évaluation. Il s’agissait donc de fournir un accompagnement méthodologique pour tracer la 
voie sur la base des préférences exprimées par les partenaires de terrain. L’évaluation de 
l’impact du dispositif de recherche sur le terrain est difficilement réalisable sans dispositif 
spécifique malgré son intérêt pour compléter l’analyse de la méthodologie proposée. Elle 
pourrait être intégrée par la suite à la méthodologie elle-même. Malgré le manque de recul 
temporel, un premier bilan peut être proposé. L’intérêt des acteurs partenaires dans les 
dispositifs Filière territorialisée et Collectif bio a été vif jusqu’à la fin du dispositif, ce qui 
témoigne d’une certaine pertinence de la démarche. Cependant à ce jour il semble peu 
probable que les scénarios soient mis en pratique en l’état. Pour le dispositif Filière 
territorialisée, une étude de dimensionnement économique d’une unité de déshydratation de 
luzerne a été lancée, mais pour une zone différente de celle étudiée dans la thèse. Pour le 
dispositif Collectif bio, des échanges pourraient être initiés entre les agriculteurs sur la base 
des résultats de mes travaux mais il n’est pas question à ce stade d’investissements collectifs, 
des relations de confiance et une certaine habitude de travail en commun seraient nécessaires 
avant d’aller plus loin dans le scénario, ce qui recoupe les conclusions de Asai et al. (2014b) 
sur les conditions de collaborations entre céréaliers et éleveurs. Certains agriculteurs du 
groupe Collectif bio ont par ailleurs annoncé leur désengagement car ils préféraient se tourner 
vers d’autres types de changements de pratiques pour répondre à leurs problèmes, par 
exemple l’utilisation de couverts intermédiaires restitués au sol.  
S’agit-il alors d’un manque de pertinence des scénarios produits, puisqu’au-delà de la 
réflexion ils n’entrainent pas d’action concrète à court terme ? Pour Hatchuel (1999) repris 
par Labatut (2009), une telle situation peut s’apparenter à un « mythe rationnel » : «utopies 
possédant à la fois les propriétés mobilisatrices du mythe [...] et les propriétés opératoires de 
la raison», «l’idée de mythe rationnel veut dire qu’il y aura toujours un écart entre le projet et 
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la réalité, mais avoir un modèle est important pour pouvoir susciter l’adhésion». Dans notre 
cas l’adhésion des acteurs concernés, même s’il est trop tôt pour le dire, semble incomplète. 
Le dispositif Light design a permis la production de certaines « images aidant à penser 
l’avenir » (que je distingue clairement de scénarios de prospective tendancielle puisqu’il 
s’agit d’un avenir souhaitable pour les acteurs mobilisés), ainsi par exemple, dans l’étude de 
cas C14-C15 Aragon, les participants aux ateliers ont proposé une complète redistribution des 
modes d’utilisation du territoire et une reconception profonde des systèmes de production. 
Dans ce cas il est difficile de s’avancer sur les « propriétés mobilisatrices » du scénario, ce ne 
serait donc pas à proprement parler un mythe rationnel au sens d’Hatchuel. Dans le dispositif 
Collectif bio, les options de changement technique semblent très cohérentes avec les attentes 
des agriculteurs (puisque construites et validées avec eux au cours d’itérations successives), 
elles pourraient être plus qu’un mythe rationnel. Les formes d’organisation collective 
(groupes locaux, infrastructures collectives), en revanche, conservent un caractère 
exploratoire plus prononcé.  
La démarche participative construite dans cette thèse apparait cohérente avec la littérature en 
conception participative de systèmes agricoles plus durables, l’originalité relève de la capacité 
à adapter des méthodes existantes à l’objet d’application : l’intégration culture – élevage à 
l’échelle du territoire. Certains aspects n’ont cependant pas pu être abordés par rapport à ce 
que propose la littérature, notamment la place de certains acteurs du territoire.  
2.2.Où sont les acteurs ?  
Dans les dispositifs mis en place sur le bassin versant de l’Aveyron (chapitre 5), les enjeux de 
l’ICET et options de changement ont été construits avec des acteurs locaux : conseillers de 
Chambre d’Agriculture,  de coopératives, responsable agriculture de l’Agence de l’Eau, etc. 
(voir Annexe I). Ces acteurs ont été choisis pour leurs compétences techniques, leur 
connaissance des systèmes de production et des enjeux locaux et la diversité de leurs points de 
vue. 
Parmi les courants scientifiques qui s’intéressent aux problématiques de durabilité de 
l’agriculture à l’échelle territoire, plusieurs approches théoriques et méthodologiques 
proposent une analyse approfondie des acteurs concernés : la sociologie de l’innovation à 
travers la théorie de l’acteur-réseau (Actor Network Theory, ANT ; Goulet, 2008), l’économie 
de la proximité (Angeon et al., 2006 ; Beaurain et Brullot, 2011), la modélisation 
d’accompagnement (Etienne, 2010). Ces auteurs proposent d’identifier les acteurs ayant un 
rôle dans les problématiques de durabilité sur le territoire en établissant des diagrammes 
d’interaction caractérisant la nature des relations entre acteurs. L’ANT et l’économie de la 
proximité visent principalement à expliciter les reconfigurations entre les acteurs lors de la 
construction de solutions de gestion collective. Dans les démarches de modélisation 
d’accompagnement, l’analyse des acteurs permet de modéliser le fonctionnement du territoire 
pour les thématiques d’intérêt, dans un objectif plus opérationnel de construction de solutions.   
Dans les dispositifs que j’ai mis en place, la clé d’entrée est avant tout l’usage du sol et les 
pratiques dans les systèmes de production. Les jeux d’acteurs au sein du système social élargi, 
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sans nier leur rôle, ne sont pas analysés. Ce travail relèverait d’autres dispositifs et 
compétences. La capacité des acteurs à agir et à se coordonner est analysée comme facteur 
facilitant ou limitant les options de changement technique conçues. Les agriculteurs sont les 
acteurs centraux, parce qu’ils sont les premiers concernés par le changement et donc les 
premiers à qui donner à voir des changements possibles, et ce, d’autant plus qu’ils 
n’adhéraient pas de prime abord à la thématique de réflexion proposée.  
Dans leurs travaux sur les transferts de fertilité entre systèmes de culture et d’élevage au 
Burkina Faso, Andrieu et al. (2014) ont identifié les trade-offs entre les stratégies 
individuelles et collectives. En s’intéressant d’abord aux systèmes de production et à leur 
durabilité, ils concluent que renforcer les synergies culture - élevage à l’échelle individuelle 
nécessiterait une négociation à l’échelle du village et soulignent l’intérêt des scénarios 
produits pour appuyer cette démarche de négociation. Brullot et al. (2014) proposent une 
analyse du déroulement des projets d’écologie industrielle et territoriale basée sur l’analyse 
des acteurs en présence et de leurs stratégies selon une grille « légitimité / pouvoir / intérêt ». 
D’après leur grille, les agriculteurs du dispositif Collectif bio sont des acteurs « relais » 
puisque légitimes et intéressés pour conduire le projet, mais il manquerait un acteur 
« structurant » alliant légitimité et pouvoir d’action (par exemple pour initier les 
investissements dans les structures collectives, ce dont les agriculteurs sont difficilement 
capables). Les acteurs des politiques de développement local pourraient jouer ce rôle de 
différentes manières (Treyer, 2014).  
Les dispositifs de terrain semblent donc limités par l’absence de certains acteurs nécessaires 
pour passer d’un projet purement agricole à un projet de territoire (cf. chapitre 7). La priorité 
a été donnée à l’élaboration de scénarios de changement technique et organisationnel dans les 
systèmes de production. Construire un projet de territoire recouvre de nombreuses dimensions 
hors du périmètre scientifique de la thèse: projet social, politique, aménagement de l’espace 
non agricole. De même, l’utilisation du cadre des services écosystémiques n’est pas neutre et 
questionne les valeurs, le projet politique et sociétal sous-jacents (Barnaud et Antona, 2014).  
Cette analyse critique sur le dispositif appelle une prolongation de mon travail de thèse, 
notamment par une analyse sociologique des lignes de controverse et des reconfigurations des 
jeux de pouvoir en lien avec l’intégration culture – élevage.  
2.3.Le territoire comme support de conception mais pas comme objet 
Les trois dispositifs visent à concevoir des systèmes de production et les coordinations entre 
acteurs pour échanger des ressources. L’objectif explicite de caractériser les changements 
d’usage des sols et de représenter les processus écologiques implique une approche 
spatialisée, bien qu’insuffisamment valorisée à ce stade de la recherche (cf. 3.3). Considérant 
cela, comme Caron (2005), on peut se demander « à quel territoire s’intéresse-t-on » ? 
L’auteur distingue quatre branches de l’agronomie s’intéressant au territoire,  selon les 
caractéristiques des objets étudiés, les références théoriques et les pratiques mises en œuvre. 
L’agronomie de l’écosystème régional analyse les ressources naturelles et processus en jeu 
dans les continuums spatiaux du « territoire écologique ».  L’agronomie du fait technique à 
l’échelle territoire s’intéresse aux systèmes techniques et aux coordinations entre acteurs pour 
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agir sur ces systèmes. Dans cette branche le territoire est un périmètre d’analyse et d’action 
sur les systèmes techniques mais pas un objet d’analyse en soi. L’agronomie territoriale 
analyse les systèmes techniques pour leur contribution à l’organisation du territoire : 
infrastructures, distribution des activités, de l’habitat, etc. C’est la branche la plus proche de la 
géographie. La synthèse de ces trois branches serait une agronomie intégratrice visant à 
construire des cadres d’analyse ad hoc selon les problématiques à informer, en mobilisant des 
compétences « d’intégrateur territorial ». 
Les approches que j’ai développées dans ma thèse relèvent principalement d’une combinaison 
des deux premières branches : une approche écologique du territoire à travers l’analyse de 
l’occupation des sols, de l’impact sur les ressources en eau (pour le dispositif Filière 
territorialisée) et les services écosystémiques, une approche relevant de l’agronomie du fait 
technique pour les travaux de conception et l’analyse des complémentarités entre systèmes du 
territoire. Dans ma thèse, le territoire apparait donc comme un support de conception de 
systèmes de production, une échelle d’analyse des systèmes techniques et des processus 
écologiques ainsi que décisionnels. Le territoire n’est pas vu comme un objet à analyser ni 
concevoir en soi.  
2.4.Généricité de la démarche de conception 
La méthodologie développée dans ma thèse est centrée sur le développement de systèmes 
culture – élevage à l’échelle du territoire. Cette entrée thématique s’intéresse aux conditions 
techniques et organisationnelles de développement de systèmes économes en ressources 
naturelles et fournisseurs de services écosystémiques. Les méthodes développées pourraient 
donc être tout ou partie reprises pour traiter différentes problématiques de durabilité 
nécessitant une concertation territoriale : gestion de l’eau, protection de la fertilité des sols et 
lutte contre l’érosion, ou même organisation de systèmes de production en vue de développer 
des produits d’origine locale dans un label type AOP. Par exemple, un dispositif de 
conception participative de scénarios d’intégration culture – élevage du type de celui que j’ai 
mis en œuvre pourrait élargir les réflexions sur la conception de systèmes de culture innovants 
(Reau et al. 2012). Sur un bassin versant à algues vertes, Moreau et al. (2012 a&b) montrent 
l’intérêt d’une démarche de conception – évaluation basées sur la modélisation de scénarios 
mais pointent certaines limites du dispositif: un seul type de production pris en compte, une 
gamme limitée d’options modélisables. Explorer l’intégration culture – élevage à l’échelle du 
territoire pourrait permettre d’élargir les productions touchées et les options de changement 
imaginées.  
3. Apport et limites des outils produits 
Une originalité du travail est la construction d’outils multi-niveaux et multi-domaines pour la 
conception de systèmes de production et de coordinations entre systèmes : le cadre conceptuel 
pour analyser et concevoir des systèmes culture-élevage et la grille d’évaluation multicritère. 
Dans cette section je discute leurs apports et limites et tente d‘évaluer dans quelle mesure mon 
travail de thèse a contribué à « outiller les acteurs ».  
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3.1.Le modèle conceptuel de l’intégration culture – élevage à l’échelle territoire 
Ce modèle conceptuel a été mobilisé de différentes manières dans les dispositifs de 
conception. Il s’est avéré très utile dans les phases de problématisation avec les partenaires de 
terrain et pour la représentation des situations actuelles et projetées des systèmes techniques. 
Ce modèle a servi à la fois comme outil de communication, d’explicitation des idées, et 
comme « guide de pensée » pour inviter les participants au dispositif à imaginer des options 
de changement dans les différents domaines couverts par l’ICE (métabolique, écosystémique, 
organisationnel). Il a été particulièrement intéressant pour donner à voir et synthétiser les 
scénarios construits dans les études de cas européennes du « light design ». En cela, il joue les 
rôles des objets intermédiaires identifiés par Maurel et al. (2007) : l’expression et la médiation 
de la pluralité des points de vue d’acteurs.  
Le modèle conceptuel s’est avéré assez simple pour être manipulé en atelier comme objet 
intermédiaire, et d’une expressivité suffisante pour représenter la diversité de systèmes et des 
options de changement imaginées. La limite d’opérationnalité du modèle semble avoir été 
atteinte dans le dispositif Collectif bio où le niveau de finesse de description des systèmes a 
rendu le modèle relativement inopérant puisque d’autres modes de représentation ont été 
utilisés. Par exemple, une limite du modèle est la difficulté de distinguer facilement différents 
modes d’utilisation des prairies, différentes stratégies de fauche / pâture, différents stades, 
essentiels pour qualifier la valeur écologique des prairies. Cela est dû principalement au 
niveau de précision du modèle qui avait plus vocation à représenter la structure générale des 
systèmes techniques observés sans rentrer dans le détail de la gestion technique.  
Les modèles de gestion des effluents d’élevage (Aubry et al., 2006 ; Chardon et al. 2008 et 
2012 ; Paillat et al., 2010) pourraient enrichir la démarche en informant les dimensions de 
gestion technique des épandages, les dimensions spatiales comme l’hétérogénéité de fertilité 
(Tittonell et al. 2007, 2009). L’originalité de notre modèle conceptuel réside dans la 
représentation des services écosystémiques clés, des interactions entre entités biophysiques 
soutenant ces services et des principes pour la coordination des acteurs concernés. Le volet  
métabolique représentant les flux est très proche de modèles représentant les systèmes de 
polyculture-élevage à l’échelle exploitation, notamment le modèle CLIFS utilisé pour 
accompagner la conception d’interactions culture – élevage à l’échelle exploitation (Le Gal et 
al. 2013 ; Ryschawy et al. 2014).  
3.2.Le cadre d’évaluation multicritère 
Dans les dispositifs de terrain, la phase d’évaluation a pris des formes différentes selon le type 
de scénario évalué et l’échelle de travail. Dans le Light design, l’évaluation est qualitative, 
elle a lieu en atelier participatif au cours duquel les acteurs notent les critères. Il s’agit donc 
d’une évaluation experte des bénéfices attendus des scénarios par rapport à la situation 
actuelle. Dans les dispositifs Filière territorialisée et Collectif bio, la grille combine des 
résultats quantitatifs de simulation des options de changement dans les systèmes de culture et 
d’élevage, et l’évaluation qualitative des scénarios produits par expertise des acteurs. La grille 
multicritère a été adaptée aux formats des dispositifs (un seul atelier pour le Light design, des 
allers-retours laboratoire – terrain pour les deux dispositifs de conception approfondie) et aux 
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priorités des acteurs impliqués (Tableau 2). Les domaines d’évaluation de base de la grille 
présentent une certaine généricité puisqu’ils sont déclinés pour chaque dispositif8. La 
présence ou l’absence de certains critères illustre les préférences des acteurs et donne des 
éléments de discussion de la méthode d’adaptation des critères au contexte.  
La grille multicritère utilisée dans le Light design révèle la faiblesse de « contextualisation » 
du dispositif : les enjeux locaux sont définis dans le premier atelier mais ne sont pas intégrés 
dans la grille d’évaluation, qui est la même pour toutes les études de cas européennes. Pour 
être suffisamment générique, cette grille présente des critères de durabilité économique, 
environnementale et sociale adjoints de certains critères plus thématiques : « durabilité 
agronomique » et « gestion des systèmes d’élevage » qui expriment la capacité du système à 
valoriser des processus écologiques par la fourniture de services écosystémiques et la santé 
des animaux. La grille multicritère sert donc ici à prendre du recul sur les scénarios produits, 
et à identifier les points de vigilance et les incomplétudes éventuelles. L’évaluation est donc 
en premier lieu pour les chercheurs et sert à donner une valeur aux scénarios imaginés.  
Dans les dispositifs Filière territorialisée et Collectif bio, la volonté de prendre en compte les 
objectifs des acteurs m’a amené à spécifier les critères de la grille. Certains de ces critères 
sont convergents entre les deux dispositifs :  
- les performances techniques : niveaux d’utilisation d’intrants (l’autonomie, en engrais et 
pesticides dans les systèmes de culture, en aliments dans les systèmes d’élevage),  niveaux de 
production. Dans le dispositif Collectif bio la qualité des produits est aussi explicitement prise 
en compte.  
- l’acceptabilité pour les agriculteurs : l’impact sur le travail et la rentabilité des systèmes ; 
- la durabilité agronomique des systèmes de production, plus précisément la capacité du 
scénario à répondre aux problèmes d’érosion, de déclin de fertilité des sols, de gestion des 
bioaggresseurs qui mettent en péril la capacité productive à moyen terme.  
Les autres critères diffèrent significativement et traduisent, selon le dispositif, des manières 
d’aborder les enjeux et le « projet sociotechnique » sous-jacent (cf. chapitre 7 section 1).  
Dans le dispositif Filière territorialisée, la priorité pour les enjeux environnementaux est 
donnée à la gestion de l’eau, en volume et qualité. Les enjeux du territoire s’expriment par le 
dynamisme des filières : le scénario doit garantir le niveau global de production de denrées 
agricoles et créer de nouvelles filières issues de la diversification des cultures. La filière est 
donc d’emblée intégrée dans le scénario, elle est perçue comme un levier organisationnel au 
changement de pratiques et une ressource économique pour le territoire.  
Dans le dispositif Collectif bio, l’objectif d’autonomie en intrants s’accompagne d’un objectif 
d’autonomie décisionnelle. Il passe par la constitution d’un groupe pour l’échange de 
connaissances mais aussi pour éviter les situations d’isolement professionnel et mutualiser la 
prise de risques. L’enjeu pour le territoire est le développement de filières courtes de 
commercialisation, qui participe à la viabilité des exploitations, et in fine au maintien de 
systèmes de production correspondant aux attentes de la société en termes de paysage, de 
                                                          
8
 à part le domaine « gestion des connaissances » qui n’a pas été abordé en soi dans le dispositif Filière 
territorialisée, la gestion technique par la coopérative ayant limité fortement cet aspect du scénario retenu.  
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bien-être animal, de qualité des produits. Les enjeux environnementaux, sociaux et 
économiques sont donc synthétisés dans un projet qui s’adresse plus aux consommateurs et 
aux collectivités locales qu’aux filières. Enfin, la stabilité des systèmes, leur résilience face 
aux aléas économiques et climatiques, sont considérés comme prioritaires. 
La grille d’évaluation multicritère déclinée dans les différents dispositifs constitue donc un 
support d’articulation des points de vue et connaissances de chercheurs et d’acteurs locaux. 
Elle permet d’estimer la capacité des scénarios à répondre aux objectifs du groupe, et donne 
en creux une image des défauts des systèmes actuels. En hybridant les points de vue et les 
connaissances mobilisées et en reflétant les préférences des acteurs, la grille assure la 
crédibilité scientifique, la légitimité et la pertinence de la démarche pour les acteurs (Cash et 
al. 2003). Ces conclusions sont cohérentes avec les travaux de Colomb et al. (2013) : la grille 
d’évaluation co-construite sert à la fois aux acteurs et aux chercheurs en tant que support de 
diagnostic et d’articulation de connaissances et de repère pour concevoir des systèmes 
nouveaux.  
L’analyse des différentes priorités exprimées par les acteurs des dispositifs de terrain met 
aussi en évidence des lignes de controverse possibles entre groupes d’acteurs portant des 
visions différentes des enjeux de durabilité à l’échelle du territoire et des modèles agricoles à 
développer pour y faire face.  
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Tableau 2 : Critères de la grille d’évaluation initiale et dans les dispositifs de terrain. Les dénominations des critères ont 
été homogénéisées pour faciliter la lecture, pour certains ils sont formulés différemment dans les articles.  
Grille initiale  Light design Filière territorialisée Collectif bio 
Domaine Critère  Critère Critère Indicateur Critère Indicateur 
Métabolisme 
du système 
Equilibre entrées / 
sorties N Autonomie 
des SdC 
Autonomie des 
SdC 
Dose d’azote apportée 
Autonomie des 
SdC 
Dose d’azote apportée 
Equilibre entrées / 
sorties C 
IFT 
 
Autonomie 
des SE 
Autonomie des 
SE 
Fourrages importés 
Autonomie des 
SE 
Fourrages importés 
Concentrés importés Concentrés importés 
Paille importée Paille importée 
Niveau de 
production 
SdC 
Productivité 
surfacique 
Energie métabolisable / 
ha 
 
  
  
  
  
  
MAT totale / ha 
Niveau de 
production SE 
Productivité des 
intrants 
Energie métabolisable / 
UN 
MAT totale / UN 
Fertilité du sol 
Fertilisation organique 
Agronomie 
 Gestion des 
SE 
Couverture du 
sol 
Fréquence des cultures  
pérennes 
Fertilisation 
organique 
Surface recevant une 
fertilisation organique 
Fixation symbiotique 
N 
Fixation 
symbiotique N 
Fréquence des 
légumineuses 
Fixation 
symbiotique N 
Fréquence des 
légumineuses 
 
Perturbation du 
sol 
Importance du travail 
du sol 
    
Régulation 
biologique 
Diversité des cultures 
à la parcelle 
Diversité des 
cultures à la 
parcelle 
Nombre d'espèces 
Diversité des 
cultures à la 
parcelle 
Longueur de la rotation 
Nombre de familles 
botaniques  
Diversité des usages 
du sol 
Abondance 
d'habitats semi-
naturels 
Part des prairies dans le 
paysage 
Diversité des 
usages du sol 
Part des prairies dans le 
paysage 
Gestion 
technique du 
système 
Charge de travail Travail Charge de travail  Temps de travail   Charge de travail  Temps de travail  
Difficulté du travail 
 
Complexité du 
travail 
  
Difficulté du 
travail 
  
Gestion des 
connaissances 
Autonomie 
décisionnelle 
Autonomie 
décisionnelle 
 
  
 Autonomie 
décisionnelle 
Dépendance aux filières 
Participation des 
acteurs 
Institutionnalisation du 
groupe 
Structuration des 
échanges 
Echange de 
connaissances 
    
Echange de 
connaissances 
Echanges de pratiques et 
essais en ferme 
Capacité d'adaptation     
Capacité 
d'adaptation 
Planification stratégique 
et adaptation tactique  
Performances 
économiques 
Résilience aux aléas 
de production et de 
marché 
Economie 
  
 Marge brute des SdC 
Stabilité des 
coûts de 
production 
Stabilité des prix des 
aliments et fertilisants 
Valorisation des 
produits 
  
Valorisation des 
produits 
Labellisation 
Rentabilité Filières courtes 
 
Valorisation des co-
produits 
Rentabilité 
Marge brute des SdC 
Coût des rations 
Intégration 
sociale des 
systèmes 
Acceptabilité sociale 
Intégration 
sociale 
    
Acceptabilité 
sociale 
Impact sur les paysages 
    
Relations producteur - 
consommateur 
    Bien-être animal 
Contribution au 
dynamisme 
économique local 
  
Filières 
  
Contribution au 
dynamisme 
économique local 
Volume de cultures à 
forte valeur ajoutée Contribution au 
dynamisme 
économique local 
Tourisme rural 
Développement de 
nouvelles filières 
Qualité des produits 
Nouvelles filières et 
activités  
Contribution aux 
enjeux locaux et 
globaux de durabilité  
Environneme
nt 
Gestion 
quantitative de 
l'eau 
Prélèvements d'eau 
pour l'irrigation Contribution aux 
enjeux locaux et 
globaux de 
durabilité  
Préservation de la qualité 
de l'eau 
Intégration dans les 
politiques publiques 
  
  
  
  
  
  
Installation d'agriculteurs 
bio 
Conversions à 
l'agriculture bio 
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3.3.Perspectives : vers un outil pour la conception – évaluation de systèmes culture 
élevage intégrés à l’échelle du territoire 
Mon travail de thèse a produit un outillage conceptuel et méthodologique pour soutenir des 
dispositifs de diagnostic-concept-évaluation de scénarios de développement de l’ICET. Pour 
aller plus loin, plusieurs pistes sont possibles.  
Une première piste serait d’évaluer la résilience des systèmes imaginés aux aléas climatiques 
et économiques. Abordée dans la grille multicritère, cette question n’est pas traitée de manière 
approfondie comme elle peut l’être à l’échelle des systèmes d’exploitation (Sautier, 2013). 
Les travaux sur la résilience des services écosystémiques (Biggs et al. 2012) mettent en 
évidence l’existence de principes de gestion, intégrés dans certains critères de la grille : 
diversité de l’usage des sols dans le paysage, gestion des dynamiques de long terme comme la 
fertilité des sols. Evaluer ces services écosystémiques et leur résilience pose des problèmes 
méthodologiques, les connaissances scientifiques actuelles étant très incomplètes, par 
exemple sur l’effet respectif du paysage et des pratiques à la parcelle sur les niveaux de 
régulation biologique (Gosme et al. 2012 ; Sarthou et al. 2014). Il ressort toutefois de 
synthèses récentes  les critères de l’hétérogénéité du paysage et notamment présence de 
prairies permanentes (Vasseur et al. 2013), de surfaces boisées à proximité des cultures 
(Rusch et al. 2012), de haies suffisamment denses autour des parcelles, de pratiques 
perturbant faiblement le sol et économes en pesticides, ainsi que le maintien de la diversité 
des couverts dans le temps et l’espace (Vasseur et al. 2013 ; Puech et al. 2015). La prise en 
compte de ces connaissances pourrait permettre de développer des indicateurs de potentiel de 
régulation biologique plus précis, mobilisables dans un outil de support à la conception de 
formes d’ICET « fortement écologisés ».  D’autres éléments de connaissance des relations 
pratiques / services pourraient être intégrés. Par exemple, Lemaire (2014) alerte sur les 
pratiques de gestion des prairies qui à partir d’un certain niveau d’intensification dégradent 
fortement le niveau de fourniture de services écosystémiques (ex. fixation du carbone et de 
l’azote) et de ce fait entrainent des nuisances environnementales. Sabatier et al. (2013) ont 
produit des connaissances similaires sur les liens pratiques / biodiversité patrimoniale dans la 
gestion des prairies.  
Le facteur travail, déterminant de l’adoption de nouvelles pratiques, pourrait être mieux 
appréhendé par une estimation précise de la charge et de la complexité de la gestion des 
systèmes techniques (Madelrieux et Dedieu, 2008).   
Enfin, les différents niveaux d'organisation d'un SCET doivent être représentés plus 
explicitement afin de mieux évaluer les effets des changements conçus à chaque niveau et 
leurs interactions (chapitre 2). Il s'agit ici de développer un modèle (simulateur) du système 
complexe hiérarchisé que représente un SCET et un système d'évaluation multi-niveaux plus 
complet. L'enjeu est de modéliser les entités et processus de l’ICET, décrits dans le chapitre 3, 
et les interactions entre ces entités aux différents niveaux d'organisation. Pour cela, il importe 
de développer des indicateurs propres à chaque niveau d'organisation et des procédures de 
changement d'échelle (ex. agrégation). 
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Synthèse du chapitre 6  
La démarche de conception que je propose s’inspire de méthodes existantes adaptées à l’objet 
de l’ICET et aux terrains d’application. Elle vise la production de connaissances situées 
mobilisables pour le développement de systèmes de production agroécologiques. La 
combinaison des options techniques et organisationnelles avec des éléments d’évaluation 
multicritère permet d’intégrer des connaissances scientifiques et des savoirs locaux. Pour cela, 
les outils développés (cadre conceptuel et grille d’évaluation multicritère) paraissent 
opérationnels puisqu’ils ont soutenu la construction et l’évaluation de systèmes techniques et 
scénarios de changement sur des terrains variés.  
Ces outils comportent une certaine part de généricité dans la manière d’aborder l’ICET et plus 
largement de proposer une entrée territoriale aux enjeux de durabilité des systèmes agricoles. 
Ils pourraient être renforcés par le développement de modèles quantitatifs permettant 
d’estimer les effets des pratiques agricoles sur les services écosystémiques.  
Dans ma démarche, le territoire représente un espace, continu ou discontinu, de gestion des 
ressources naturelles et agricoles sur lequel les acteurs clés pour la conception d’interactions 
culture – élevage entre systèmes spécialisés expriment des enjeux et cherchent à concevoir de 
nouvelles pratiques agricoles permettant de promouvoir ou mieux valoriser les services 
écosystémiques. 
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Chapitre 7 : Pistes et perspectives pour une contribution 
de l’intégration culture-élevage à la transition 
agroécologique de l’agriculture  
 
Développer des interactions entre systèmes de culture et d’élevage à l’échelle des territoires a 
été posé comme un défi méthodologique visant une transformation des systèmes de 
production et leur inscription dans la transition agroécologique de l’agriculture. Ce point de 
vue est soutenu par plusieurs études et synthèses sur l’ICET du point de vue théorique 
(Bonaudo et al. 2013 ; Lemaire et al. 2014) et de rares études empiriques à des échelles plus 
larges que l’exploitation (Carvalho et al. 2010 ; Sulc et Franzluebbers, 2013), présentées dans 
les chapitres 2 et 3 de la thèse. Les dispositifs de terrain ont permis de concevoir des scénarios 
d’ICET dans des contextes différents. Quels enseignements peuvent être retirés de ces 
expériences de conception en termes de contribution à l’écologisation des pratiques ? En quoi 
l’ICET soutient-elle la transition agroécologique des territoires ? Je discute dans ce chapitre 
les résultats de ma thèse sur la thématique de l’ICET, à travers l’impact sur les systèmes 
techniques actuels, l’opportunité qu’elle représente pour améliorer la résilience de 
l’agriculture, les modalités de son inscription dans le territoire et les perspectives ouvertes 
pour la transition agroécologique de l’agriculture.  
1. Quel impact des scénarios d’intégration culture – élevage sur les 
systèmes en place ?  
Dans cette section je discute les impacts potentiels des scénarios sur les systèmes de 
production étudiés, en me limitant à l’analyse des pratiques en jeu et des conséquences sur le 
fonctionnement technique des systèmes de production. Puisqu’il s’agit d’une analyse détaillée 
des pratiques, je ne mobilise pas les résultats du dispositif Light design dans lequel les 
systèmes techniques sont esquissés mais pas détaillés.  
Les changements techniques introduits dans les scénarios sont résumés dans le tableau 3 et 
renvoient aux résultats présentés dans le chapitre 5. Les changements projetés concernent 
essentiellement les systèmes de culture qui vont vers plus de diversification et une moindre 
utilisation des intrants de synthèse. Le levier le plus significatif est l’introduction de la luzerne 
en rotation, qui modifie à la fois la gestion du sol, l’usage des phytosanitaires et la 
fertilisation. L’écart de pratiques entre systèmes actuels et scénarios est bien sûr plus grand 
dans le dispositif Filière territorialisée que dans le dispositif Collectif bio ; ce dernier 
regroupant déjà des systèmes diversifiés (rotations longues et diversifiées avec une part 
importante de légumineuses) valorisant les services intrants. Les systèmes de culture du 
dispositif Filière territorialisée diminuent les intrants par la diversification, augmentent ainsi 
le fonctionnement métabolique et le niveau de services écosystémiques. Dans les systèmes de 
culture du dispositif Collectif bio, le niveau de services étant déjà assez élevé, l’impact est 
surtout sur le fonctionnement métabolique avec la diminution des fertilisants bios extérieurs.  
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Les pratiques dans les systèmes d’élevage évoluent de manière assez marginale. Il s’agit 
principalement de la substitution d’une part des intrants pour l’alimentation des animaux par 
des produits plus « locaux ». Les conséquences sur l’assolement et les pratiques n’ont pas été 
évaluées dans le dispositif Filière territorialisée et resteraient à affiner dans le dispositif 
Collectif bio. Dans ce dernier, il faut distinguer l’impact sur les élevages de granivores et de 
ruminants. Pour les granivores, il s’agit surtout d’une simplification de la ration intégrant des 
céréales et protéagineux bruts, dont l’effet sur la croissance et la santé doit être contrôlé. Pour 
les ruminants, l’approvisionnement en luzerne et en méteils pourrait, selon les situations, 
libérer des surfaces pour maintenir des prairies permanentes (puisque la nécessité d’implanter 
des cultures annuelles ne serait plus aussi forte) ou au contraire de réorienter une partie de la 
sole de prairies temporaires en cultures annuelles (par exemple méteils récoltés en grains ou 
en ensilage). En effet dans certains systèmes prairiaux il peut être intéressant d’insérer des 
cultures annuelles pour gérer certaines adventices spécifiques aux prairies. L’expérience des 
céréaliers pourrait alors être un atout supplémentaire pour le groupe. Le transfert d’une partie 
des effluents des systèmes d’élevage vers les systèmes de grande culture pourrait conduire à 
réduire la fertilisation des prairies et donc potentiellement leur niveau de production. Une 
réponse pourrait être d’ajuster la composition des prairies en intégrant plus de légumineuses. 
Enfin, la circulation d’animaux sur des parcelles hors-exploitation est une option non prévue 
dans le scénario étudié mais discutée pour un approfondissement ultérieur. Elle pourrait 
permettre d’augmenter les ressources disponibles pour les animaux, par exemple en mettant 
des lots de génisses en pâturage sur des résidus de culture ou des couverts intermédiaires. Ces 
changements dans les systèmes d’élevage vont dans le sens d’une plus grande autonomie à 
l’échelle du collectif et sont principalement basés sur des changements de pratiques dans les 
systèmes de grande culture. D’autres marges de manœuvre pourraient être explorées à 
l’intérieur des systèmes d’élevage, inspirés de la littérature sur les systèmes d’élevage 
agroécologiques : renforcer la valorisation de l’herbe dans les élevages de ruminants par la 
conception de prairies multi-espèces adaptées aux conditions et aux usages locaux (Volaire et 
al., 2014), incorporer divers co-produits de transformation des cultures (drèches, son), 
développer le silvopastoralisme (Dumont et al., 2013). L’échange de connaissances et les 
projets communs au sein du collectif pourrait permettre d’aller plus loin dans la valorisation 
de la diversité des espèces et races animales : orienter la reproduction au sein du groupe, 
mixer les troupeaux y compris en multi-espèces (Bonaudo et al. 2013).   
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Tableau 3 : Changements techniques dans les systèmes de production introduits par les scénarios 
d’intégration culture – élevage. Les changements décrits proviennent des scénarios élaborés dans le chapitre 
5.  
Dispositif Changements de pratiques dans les SdC 
Assolement Travail du sol Irrigation Phytosanitaires Fertilisation 
Filière 
territoria-
lisée 
Introduction de 
luzerne en rotation 
avec maïs et 
blé/tournesol 
Réduction du 
labour, pas 
d’intervention 
en cours de 
culture de 
luzerne 
Surfaces en luzerne 
irriguées seulement 
si eau disponible  
 réduction des 
prélèvements 
Luzerne peu traitée 
(1 herbicide en 
année 1)  
-1 herbicide après 
luzerne 
-0,5 fongicide 
après luzerne 
Après luzerne,  
-30 UN/ha la 1ère 
année,  
-20 UN/ha la 2ème 
année 
Collectif bio Introduction de 
luzerne en rotation 
et méteils en 
substitution de 
certaines céréales 
pures 
Pas 
d’intervention 
en cours de 
culture de 
luzerne 
Peu de changement, 
les cultures 
irriguées (légumes) 
ne sont pas 
impactées par le 
scénario 
Non concerné  Après luzerne : 
-30 UN/ha la 1ère 
année  
(6 ha/SdC) 
Fertilisation 
organique :  
75 UN/ha  
(4 ha/SdC) 
Dispositif Changement dans les systèmes d’élevage 
Nouveaux aliments 
disponibles 
Conséquences 
pour les rations 
Conséquences 
possibles pour les 
assolements 
Gestion des effluents Circulation 
d’animaux 
Filière 
territoria-
lisée 
Luzerne brin courts 
ou bottes 
Réduction de la 
part de 
concentrés 
protéiques 
(tourteaux)  
Pas abordé  Pas d’impact Pas abordé 
Collectif bio Luzerne foin 
Méteils 
Réduction de la 
part de 
concentrés au 
profit de 
produits bruts 
Basculement fauche 
/ pâturage ?  
Maintien de prairies 
vs. Cultures 
annuelles?  
Mise à disposition 
d’une partie des 
effluents pour le 
collectif.  
Compostage des 
effluents 
Possibilité de 
mettre en pension 
des lots 
d’animaux.  
 
Le développement du scénario dans d’autres systèmes du territoire que ceux étudiés, 
autrement dit la probabilité d’un effet « tâche d’huile » du scénario d’ICET dépend des 
dynamiques d’implication des acteurs dans le projet et de la réussite des premiers essais. 
Favreau (2013) met en évidence la diversité de modèles de production au sein de 
l’Agriculture Biologique de la région Midi-Pyrénées, également analysée plus largement par 
Bellon et al. (2010). Dans notre dispositif les valeurs et objectifs des acteurs déterminent 
fortement le scénario d’ICET produit, les agriculteurs qui pourraient prendre part aux 
échanges devraient donc partager ces valeurs et objectifs. Le dispositif Filière territorialisée 
présente une autre approche de l’ICET mobilisant potentiellement une plus large part 
d’agriculteurs du territoire. D’autres formes d’ICET pourraient se développer dans d’autres 
collectifs en s’inspirant de la méthode et des scénarios produits. La mise en pratique des 
scénarios ne dépend d’ailleurs pas des seuls agriculteurs mais d’autres acteurs du territoire 
qu’il convient d’impliquer dans la réflexion pour discuter la validité de l’ICET comme levier 
de transition dans les systèmes de production (voir paragraphes 3 et 4). Enfin, il doit être 
rappelé que l’adoption de nouvelles pratiques dépend de leur compatibilité avec l’organisation 
du travail, particulièrement importante en élevage (Madelrieux et Dedieu, 2008).  
173 
 
2. Durabilité et résilience des systèmes de production dans les 
scénarios 
Si les scénarios construits dans les dispositifs de terrain peuvent permettre d’atteindre 
l’objectif de renforcer l’intégration culture – élevage à l’échelle du territoire en introduisant 
des pratiques et de nouveaux modes de coordination, s’inscrivent-ils pour autant dans une 
durabilité « forte » (Hill, 1998) ? Des résultats récents (Reagan et Nesme, non publié9) 
montrent que le développement de filières locales ou d’échanges directs entre céréaliers et 
éleveurs peuvent renforcer des systèmes intensifs en intrants et en augmenter la vulnérabilité : 
l’assurance d’un approvisionnement et de prix stables à travers des échanges locaux 
encourage les éleveurs à augmenter les volumes de production et donc leurs achats 
d’aliments.  
La grille d’évaluation multicritère permet d’analyser les scénarios d’ICET au prisme des deux 
composantes de la durabilité identifiées par Godard et Hubert (2002) : viabilité ou durabilité 
autocentrée et contribution à la durabilité des territoires et des collectivités. La durabilité 
autocentrée correspond aux critères relatifs au fonctionnement métabolique, aux services 
écosystémiques de types intrants, à la gestion du travail et des connaissances et aux 
performances économiques. La contribution à la durabilité des territoires correspond au volet 
« intégration sociale et territoriale » (voir chapitre 6 section 3.2).  
Les résultats d’évaluation multicritère des scénarios montrent un renforcement des propriétés 
métaboliques des systèmes et des services écosystémiques fournis dans les deux dispositifs. 
Le scénario Filière territorialisée présente une contribution forte au dynamisme économique 
local mais un faible développement des processus d’apprentissage et de capacitation des 
agriculteurs. Dans le scénario Collectif bio, la contribution au développement économique 
local s’exprime à travers les circuits courts de commercialisation. L’accent est mis par ailleurs 
sur la satisfaction d’attentes sociétales par l’agriculture : produits de qualité, paysage, bien-
être animal. Les deux scénarios n’ont pas le même profil de performances de durabilité. Leur 
complémentarité pour répondre aux multiples enjeux de durabilité du territoire pourrait être 
discutée dans un cadre plus large que celui des dispositifs de conception que j’ai mis en 
œuvre.  
L’autre niveau d’analyse consisterait à évaluer les scénarios non plus pour la durabilité 
« instantanée », vue comme un état des systèmes, mais pour la durabilité processuelle 
systémique, vue comme une capacité à s’adapter aux changements extérieurs et à conserver 
un état d’équilibre souhaitable assurant la résilience des services écosystémiques (Folke et al., 
2010 ; Biggs et al., 2012). La durabilité « forte » décrite par Hill (op. cit.) relève de 
l’articulation des deux composantes, instantanée et processuelle. C’est sur la dimension 
processuelle que les scénarios diffèrent. Les critères de résilience des services écosystémiques 
énoncés par Biggs et al. (op. cit.) invitent à augmenter la connectivité des acteurs, mettre en 
place des dispositifs d’apprentissage social, élargir la participation au sein de dispositifs de 
                                                          
9
 Reagan J., Nesme T., 2015. How do existing systems at the district scale work ? Communication au congrès 
annuel CANTOGETHER, 28 janvier 2015, Paris.  
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gouvernance polycentrique. L’absence d’une stratégie de gestion et de partage des 
connaissances dans le scénario Filière territorialisée va à l’encontre de ces critères : les 
acteurs de la filière sont décisionnaires dans tout le processus de production, récolte, 
transformation et commercialisation de la luzerne. Au contraire, dans le scénario Collectif bio, 
l’autonomie décisionnelle est identifiée comme un critère clé, des formes de gouvernance et 
des espaces d’échange d’idées et de connaissances sont envisagés. Le scénario Collectif bio 
mobilise la plupart des principes définis par Cabell et Oelofse (2012) pour évaluer la 
résilience des agroécosystèmes : l’existence de réseaux d’échanges de pratiques qui visent à 
renforcer le capital humain des acteurs, des interconnexions locales renforçant l’autonomie, 
une rentabilité « raisonnable » qui évite à la fois la recherche de profits au détriment d’une 
gestion durable des ressources et la dépendance excessive aux subventions publiques.  
L’analyse des scénarios met en lumière des performances de durabilité instantanée élevées 
dans les deux scénarios par rapport aux situations initiales. La durabilité processuelle, qui 
recouvre notamment la notion de résilience, semble peu améliorée dans le scénario Filière 
territorialisée alors qu’elle l’est fortement dans le scénario Collectif bio. Cette analyse est très 
limitée par son caractère ex ante, et par les biais liés au dispositif de conception : le scénario 
Filière territorialisée, conçu à l’échelle du territoire, implique une approche assez 
normalisatrice qui pourrait être affinée en explorant comment la production de luzerne 
pourrait être prise en charge par des groupes locaux d’agriculteurs. Dans cette démarche, il 
serait possible d’explorer des systèmes de culture plus en rupture, ou du moins des conditions 
de production de la luzerne garantissant l’intérêt environnemental des surfaces en luzerne. 
Cependant les priorités exprimées par les acteurs du dispositif Filière territorialisée n’allaient 
pas dans ce sens.  
3. L’intégration culture-élevage est-elle un projet de territoire ? 
En prenant du recul sur les dispositifs, je cherche à identifier comment l’ICET peut ou ne peut 
pas supporter l’émergence de projets de territoire pour l’agriculture. Le projet de territoire 
peut être défini comme une stratégie concertée pour définir les moteurs de transformation et 
les orientations souhaitées pour le territoire. Il est généralement appuyé par une démarche de 
diagnostic de territoire (Lardon et Piveteau, 2005).  
D’après Pierre (2014), l’ancrage territorial de l’agriculture s’établit traditionnellement en 
référence à l’origine locale et à la qualité des produits (AOP, IGP…). D’autres dimensions 
peuvent y être adjointes comme la préservation d’une identité agricole et de patrimoines 
naturels et paysagers qui singularisent le territoire (Pecqueur, 2001). Des dynamiques récentes 
envisagent le territoire en agriculture à travers la notion d’autonomie, qui structure et fédère 
des projets de territoire (plus large que le domaine agricole), des projets entrepreneuriaux 
individuels et collectifs (à l’échelle de l’exploitation et de filières) et des projets de vie 
(valeurs, objectifs personnels qui orientent les choix d’individus et de groupes professionnels) 
(Pierre, op. cit.). Dans ces démarches, des acteurs locaux comme les CUMA ou les 
coopératives de proximité peuvent avoir un rôle structurant (Fournié et al., 2012 ; Lucas et al., 
2014).  
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L’autonomie, définie par Rémy (2010) comme « une volonté de maitrise et d’appropriation 
personnelle et collective et de conduite des itinéraires techniques sans le truchement de tiers », 
s’inscrit dans ces projets de reterritorialisation (Coquil et al., 2010). D’après Pierre (op. cit.), 
elle convient à différentes formes d’agriculture (non labour, agriculture « paysanne ») et se 
pose comme condition de la durabilité de l’agriculture. Parmi ses caractéristiques, on note : 
« La recherche de l’autonomie stigmatise l’hyperspécialisation qui restreint les marges de 
manœuvre de l’exploitant et limite les réversibilités techniques des systèmes de production. 
[…]. Par la notion d’autonomie, on réhabilite la diversification agricole et les services 
rendus au territoire par l’agriculture. ».  
Il semble donc se dessiner un lien logique entre diversification, autonomie et projet agricole 
de territoire. Dans ce cadre l’ICET ne serait pas un projet en soi mais un ensemble de leviers 
techniques et organisationnels supportant le projet.  
De ce point de vue les scénarios d’ICET conçus dans les dispositifs de terrain ne se valent 
pas. Le scénario Collectif bio affiche clairement l’ambition d’organiser un approvisionnement 
local soutenant des échanges techniques et sociaux entre producteurs et favorisant 
l’installation de jeunes agriculteurs. Il s’inscrit donc dans les dimensions de projet 
entrepreneurial,  projet de vie et projet de territoire. En revanche, dans le scénario Filière 
territorialisée ne remet pas en cause les systèmes de production et de commercialisation, la 
reterritorialisation y est plus une opportunité qu’un projet.   
La participation d’acteurs des coopératives agricoles au dispositif Filière territorialisée montre 
cependant leur intérêt pour l’ICET. Les coopératives sont des acteurs clé du territoire et se 
positionnent pour certaines sur l’agroécologie (Compère et al., 2013). Des auteurs ont montré 
leur rôle dans la gestion des biens communs à l’échelle du territoire : les services 
écosystémiques (Berthet 2012) et la coexistence OGM/non OGM (Hannachi (2011). Explorer 
le potentiel d’une ICET forte avec ses acteurs reste donc une perspective intéressante, qui 
nécessiterait d’élargir le dispositif à d’autres acteurs du territoire, notamment les politiques 
publiques.  
4. Quelles perspectives pour la transition agroécologique des 
territoires ? 
L’ICET représente une option, parmi d’autres évolutions à l’échelle exploitation notamment, 
pour développer des systèmes de production agroécologique sur les territoires. Les dispositifs 
de terrain que j’ai menés ouvrent des pistes de développement de scénarios d’ICET, même si 
leur réalisation reste hypothétique à ce stade de la recherche. Ma démarche recoupe les 
principes de développement de l’agroécologie synthétisés par Baret (2012) : principes 
biotechniques de recyclage de la biomasse, agro-biodiversité, gestion des sols, etc., principes 
méthodologiques de pilotage multicritère, participation des acteurs, adaptation des dispositifs, 
principes « socio-économiques » de gestion des connaissances d’origines diverses et 
d’amélioration des capacités collectives d’adaptation.  
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Quelles seraient alors les prochaines étapes à mettre en œuvre pour initier une transition dans 
les pratiques basée sur l’ICET ? Geels (2004) montre le rôle des niches d’innovation comme 
incubateur de technologies (ici des pratiques) alternatives capables de faire évoluer le régime 
sociotechnique dominant. Les sc énarios construits da ns ma thèse peuvent renforcer le  
développement de niches au sein du « régime spécialisé ». Je propose de tracer les contours 
d’une telle niche afin d’identifier des perspectives de recherche pour la suite (Figure 10).  
Figure 10 : Eléments de développement d’une niche sociotechnique de l’ICET. Inspiré d e Gee ls et Schot
(2007) et Baret (2012). Les cadres rouges représentent les éléments non abordés dans ma thèse, les jaunes ceux 
abordés mais très incertains à ce stade, les verts ceux traités dans ma thèse.
La figure 10  représente les principales caractéristiques d’une niche qui permettrait le 
développement de l’ICET dans le régime sociotechnique dominant actuel de l’agriculture 
spécialisée. C ertaines de c es caractéristiques ne  sont  pa s abordées dans ma thèse :
l’équipement (au s ens large : génétique a vec le s races animales et les variétés, mécanique 
également), le projet de territoire avec les collectivités, notamment l’adaptation des politiques 
de développement local. D’autres caractéristiques sont abordées mais non approfondies : l a
valorisation des produits par des filières locales et des labels de qualité, le rôle spécifique du 
conseil et de l’accompagnement dans les projets collectifs des agriculteurs. Les dimensions 
qui me semblent à ce jour nécessaires au développement d’une niche ICET sont : l’émergence 
de g roupes locaux tra ns-sectoriels (les éleveurs et les céréaliers peuvent s’entendre sur des 
objectifs communs et mettre en place une gouvernance équitable), la structuration d’échanges 
locaux à travers des filières territorialisées ou des groupes d’échange direct. 
Parmi les deux cas d’étude de conception approfondie discutés ici, le scénario Collectif bio 
présente une structuration sociale du collectif d’acteurs autour d’un projet de pratiques 
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techniques et de commercialisation alternatives au régime dominant. Il s’apparente donc bien 
à une niche sociotechnique. Le scénario Filière territorialisée, en proposant une évolution des 
systèmes de production pilotée à grande échelle par les coopératives selon des critères plutôt 
standardisés, relève plus d’une inflexion du régime sociotechnique dominant que de 
l’émergence d’une niche. Dans l’acception de Stirling (2014), le projet construit à travers le 
scénario Collectif bio relève plus de la « transformation sociale » que de la « transition 
sociétale », la première implique des innovations sociales et une prise en charge du 
changement par les acteurs tandis que la seconde relève de processus de changement décidés 
et pilotés de manière centralisée.  
Un travail complémentaire serait à mener pour analyser les conditions de développement de 
l’ICET au regard de la dynamique du système sociotechnique actuel, c’est-à-dire la capacité à 
« re-questionner le système depuis les marges » (Treyer, 2014). En effet, dans ma thèse le 
régime sociotechnique est un élément de contexte (voir chapitre 1) qui cadre la conception 
d’options techniques et organisationnelles d’ICET plutôt qu’une question traitée à part 
entière. Une perspective de mon travail serait de considérer les éléments présentés comme des 
questions de recherche à ouvrir (pour les cadres rouges), à développer (pour les cadres jaunes) 
et à renforcer (pour les cadres verts). Un agenda de recherche pour le développement de 
l’ICET serait donc : 
- mobiliser le cadre conceptuel et la grille d’évaluation multicritère développés pour analyser 
les forces et faiblesses de différents modèles d’ICET du point de vue de leur durabilité et de 
leur position dans le système sociotechnique ;  
- intégrer les objectifs de l’ICET dans des dispositifs de sélection participative en vue de créer 
l’équipement génétique adapté aux besoins des groupes d’agriculteurs ;  
- renseigner les formes de gouvernance de l’ICET : contractualisation, institutionnalisation 
des groupes d’échange (Bos et al., 2008), identification des sources potentielles de conflits 
entre acteurs du territoire ayant des intérêts divergents (Torre et al., 2006) ;  
- mettre en discussion des scénarios d’ICET auprès d’acteurs des politiques publiques, pour 
les articuler avec des logiques de gestion territoriale, par exemple la Trame Verte et Bleue en 
France  (Poux, 2013). Pour Treyer (2014), ce dernier point est particulièrement crucial, la 
capacité de l’ICET à faire évoluer le régime sociotechnique dépend aussi de choix politiques 
et de la sensibilisation aux intérêts des SCET et à leur capacité à proposer des réponses 
innovantes aux enjeux de durabilité.  
L’articulation de ces travaux de recherche donnerait une vision plus complète de l’ICET et 
pourrait intégrer l’ICET comme support de transition agroécologique dans les cas d’étude 
mobilisés.  
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Conclusion de la discussion : un apport méthodologique et 
thématique qui ouvre des perspectives de recherche  
 
La méthodologie développée dans ma thèse a permis de produire des scénarios d’ICET dans 
des contextes variés. La démarche et les outils produits ont été adaptés aux échelles de travail, 
aux moyens et compétences disponibles et aux objectifs des acteurs dans les dispositifs de 
terrain. Les sorties des trois dispositifs de conception sont donc de natures différentes : ce sont 
des pistes pour penser dans le dispositif Light design, des options de changement archétypales 
dans le dispositif Filière territorialisée, un scénario de changement détaillé dans le dispositif 
Collectif bio. L’enchainement des phases de diagnostic, conception et évaluation a été conduit 
de manière à permettre d’intégrer les connaissances scientifiques et les savoirs des experts et 
acteurs de terrain. Pour cela, j’ai construit des objets intermédiaires et des outils d’évaluation 
qui pourraient s’enrichir de modèles permettant de quantifier les flux et services permis par 
différents scénarios d’ICET.  
Les scénarios construits dans les dispositifs de terrain Filière territorialisée et Collectif bio 
présentent un potentiel d’impact effectif sur les systèmes en place.  
A travers l’introduction de luzerne dans les systèmes de culture, le scénario Filière 
territorialisée permettrait, sur une grande étendue géographique, de faire évoluer les pratiques 
vers la réduction des intrants et un meilleur profil de durabilité. Sa mise en œuvre nécessite 
cependant un engagement fort des coopératives locales pour structurer la filière de production, 
transformation et commercialisation de la luzerne, ce qui semble peu compatible avec leurs 
priorités et capacités d’investissement actuelles.  
Le scénario Collectif bio pourrait renforcer le fonctionnement des systèmes déjà « vertueux » 
du point de vue environnemental, augmenter l’autonomie des systèmes de production à 
l’échelle du collectif et l’autonomie décisionnelle des acteurs. Il renforce donc à la fois la 
durabilité instantanée et « processuelle » du collectif. Il nécessite cependant des changements 
dans les systèmes d’alimentation des animaux, actuellement difficilement envisagés par les 
éleveurs faute de références locales.  
Ces résultats confirment le potentiel de l’ICET pour développer des systèmes de production 
plus durables. Ils inscrivent l’ICET comme un levier possible de reterritorialisation de 
l’agriculture et de renforcement de son autonomie. Certaines formes d’ICET pourraient 
s’opérer au sein d’une niche sociotechnique alternative au régime dominant favorable aux 
systèmes agricoles spécialisés.  
Les résultats de ma thèse ouvrent des perspectives de recherche : sur le plan méthodologique, 
développer un modèle quantitatif permettant de simuler les interactions entre niveaux 
d’organisation et processus écologiques et socioéconomiques au sein d’un système culture-
élevage territorialisé ; sur le plan théorique, analyser les conditions de gestion des 
connaissances, de gouvernance et d’inscription de l’ICET dans des projets de territoire, et 
finalement sa contribution à la transition agroécologique des territoires.  
 
179 
 
Conclusion générale 
 
Face aux enjeux de la raréfaction des ressources naturelles, des impacts de l’activité humaine 
sur les écosystèmes et du changement climatique, l’agriculture est amenée à réaliser sa 
« nouvelle révolution verte » (Holt-Gimenez et Altieri, 2013), « réellement verte » (Horlings 
et Marsden, 2011). Pour répondre à cet enjeu, l’agroécologie définit les principes de 
développement et gestion de systèmes diversifiés favorisant les processus écologiques 
permettant le renouvellement de la fertilité des sols et la régulation des bioaggresseurs. Le 
développement de ce type de systèmes agricoles se heurte cependant aux dynamiques socio-
économiques et aux verrouillages sociotechniques qui favorisent les systèmes spécialisés. 
Pour lever ces verrouillages, plusieurs auteurs ont récemment proposé de développer, à 
l’échelle locale, les interactions entre systèmes de culture et d’élevage spécialisés. Dans cette 
logique, ma thèse visait à explorer et évaluer le potentiel des systèmes culture – élevage à 
l’échelle du territoire.   
L’intégration culture – élevage à l’échelle du territoire (ICET) étant un objet flou, il importait 
en premier lieu de mieux définir les entités et processus en jeu. J’ai pour cela mobilisé la 
littérature scientifique émergente pour construire un cadre de représentation des interactions 
culture – élevage à l’échelle territoire conceptualisées comme un système socio-écologique. 
Ce cadre explicite les processus et interactions clés à renforcer : les flux métaboliques entre 
entités biophysiques (Cultures, Animaux, Prairies), les services écosystémiques (fertilité des 
sols, régulation biologique) et les coordinations entre acteurs du territoire. Ce cadre 
conceptuel m’a permis d’identifier trois formes archétypales d’ICET (coexistence, 
complémentarité, synergie) distinguées suivant un gradient de coordination entre cultures, 
prairies et animaux dans le temps et l’espace et selon un gradient de coordination entre 
acteurs. Utilisé dans un processus de diagnostic - conception - évaluation, ce cadre conceptuel 
permet aux acteurs de terrain d’identifier les enjeux locaux de l’ICET, les bénéfices 
environnementaux et socio-économiques attendus et les freins et leviers potentiels à son 
développement.  
J’ai décliné cette méthodologie de conception participative dans différents contextes, selon 
trois phases : la problématisation des enjeux locaux de l’ICET, la conception d’options de 
changement techniques et organisationnelles, l’évaluation de scénarios d’ICET articulant les 
options de changement. Chaque phase s’appuie sur le cadre conceptuel de l’ICET et sur une 
grille d’évaluation multicritère adaptée au contexte d’application. Pour appliquer cette 
méthodologie, j’ai construit trois dispositifs de terrain qui diffèrent dans le niveau d’itérations 
avec les acteurs et l’échelle d’analyse.  
Le premier dispositif consistait à appliquer la démarche de conception dans des études de cas 
du projet européen CANTOGETHER. Les partenaires du projet étaient amenés à organiser 
trois ateliers d’une demi-journée avec les acteurs locaux, pour concevoir et évaluer de 
manière qualitative des options de changement répondant aux enjeux locaux. Ce dispositif 
m’a permis d’identifier les enjeux transversaux à l’ICET, les solutions envisagées et les 
performances attendues de scénarios d’ICET dans différents contextes européens. Pour les 
180 
 
partenaires des études de cas il a permis de construire des pistes pour penser les changements, 
sans aller jusqu’à une déclinaison précise des options et de leurs impacts dans les systèmes de 
production.  
Sur la base d’un diagnostic participatif des enjeux du territoire du bassin versant de 
l’Aveyron, j’ai mis en œuvre deux dispositifs de conception approfondie de scénarios d’ICET. 
Le premier visait à évaluer le potentiel des complémentarités entre les systèmes d’élevage en 
amont du bassin (Ségala) et les systèmes de culture à l’aval (plaine de Montauban). Pour cela, 
j’ai évalué les importations d’aliments et de paille des systèmes d’élevage du Ségala et 
construit avec les acteurs de l’aval des systèmes de culture alternatifs visant à répondre aux 
enjeux de durabilité de l’aval et à approvisionner les systèmes d’élevage de l’amont. Les 
systèmes de culture imaginés, basés sur l’introduction de luzerne en rotation, ont été évalués 
pour différents scénarios de déploiement sur la zone aval. Ce processus de conception a 
permis d’initier la réflexion sur le montage d’une filière luzerne sur le territoire, organisée et 
pilotée par la coopérative locale. Ce scénario Filière territorialisée représente une piste de 
changement technique dans les systèmes de production qui permettrait de limiter fortement 
les consommations d’intrants et de renforcer le niveau de services écosystémiques. Il reste 
cependant très dépendant de la stratégie de la coopérative et ne prévoit pas de dispositif de 
gouvernance décentralisée ni de modes de gestion des connaissances pour le pilotage des 
systèmes de culture alternatifs et des systèmes alimentaires des élevages qui utiliseraient la 
luzerne produite localement.  
Le second dispositif de conception approfondie visait à concevoir la nature et l’organisation 
des échanges de produits entre exploitations d’un groupe d’agriculteurs bio du Tarn-et-
Garonne. Sur la base d’un diagnostic individuel des systèmes et des attentes des agriculteurs, 
j’ai proposé des options techniques et organisationnelles, sélectionnées et articulées dans un 
scénario d’ICET par le groupe d’agriculteurs. J’ai évalué les impacts de ce scénario sur les 
systèmes individuels et les performances à l’échelle du collectif. J’ai enfin accompagné les 
membres du collectif dans l’identification des étapes pour le mettre en œuvre en pratique.   
Ces trois dispositifs de terrain m’ont permis d’analyser l’apport et les limites de mes 
méthodes. Elles comportent une part de généricité mais doivent être adaptées au contexte 
d’application et aux objectifs des acteurs. L’articulation de méthodes d’évaluation quantitative 
et qualitative a permis d’aborder la complexité des objets et de produire une analyse 
multicritère cohérente avec les priorités des acteurs. Les scénarios produits combinent des 
points de vue, des connaissances scientifiques et des savoirs des acteurs locaux. Le caractère à 
la fois innovant et ancré dans les objectifs des acteurs a permis de construire des scénarios 
globalement plus durables, en rupture avec les pratiques actuelles. Cependant, leur évaluation 
devrait être renforcée par des approches d’évaluation quantitative complémentaires, 
notamment l’évaluation de l’intensité des services écosystémiques délivrés et l’analyse de 
l’impact des changements conçus sur le travail. Les objets intermédiaires que j’ai produits et 
les études de cas pourront être remobilisés pour développer une méthode complète combinant 
supports pour la conception et outil de simulation quantitative de scénarios.  
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A travers mes résultats, j’ai pu confirmer le potentiel de l’ICET pour participer à la transition 
agroécologique de l’agriculture. En proposant un ensemble de leviers techniques et 
organisationnels, l’ICET ouvre des espaces pour déverrouiller les pratiques et reconnecter les 
systèmes de production. L’ICET peut s'inscrire dans des projets d’autonomie agricole 
touchant potentiellement des tenants de différents modèles d’agriculture, et ainsi contribuer à 
l’élaboration d’un projet de territoire tendant vers l’agroécologie. Dans des initiatives comme 
celle envisagée dans le scénario Collectif bio, l’ICET peut être au cœur de l’action collective 
et initier la structuration de réseaux d’échanges de produits et de connaissances. Le 
développement de niches d’innovation autour de l’ICET soulève de nouvelles questions de 
recherche à traiter en impliquant les acteurs au-delà de la sphère agricole.  
Ma thèse a donc permis d’apporter des éléments de conceptualisation, des éléments 
méthodologiques et des études de cas pour mieux appréhender la complexité de l’ICET et 
construire des scénarios d’ICET. Le parti pris d’une approche de conception participative a 
limité la finesse de l’évaluation des systèmes conçus, mais a permis de produire des scénarios 
très cohérents avec les attentes et priorités des acteurs. Ces scénarios peuvent être remobilisés 
dans des dispositifs de recherche sur la transition agroécologique à l’échelle du territoire.  
Ma contribution à l’analyse et à la conception de modalités d’interactions entre systèmes de 
production d’un territoire ancre mon travail de thèse dans l’agronomie des territoires. En 
explorant les leviers d’ICET dans une logique de gestion durable des ressources naturelles, en 
l’occurrence l’eau et les services écosystémiques, j’ai proposé une reconfiguration des 
systèmes techniques et des paysages associés, triptyque de l’agronomie des territoires telle 
que définie par Benoit et al. (2012). En prenant en compte explicitement les valeurs et projets 
sous-tendant l’action collective dans le scénario Collectif bio, je contribue à la compréhension 
des dynamiques et moteurs des transitions dans les pratiques, donc dans une certaine mesure à 
« resocialiser » les objets de l’agronomie et ainsi développer une « agronomie intégrale » 
(Chevassus-au-Louis, 2006).  
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